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Lewis Research Center  
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SUMMARY 
A p r e l i m i n a r y  f e a s i b i l i t y  s tudy  o f  the  a p p l i c a t i o n  o f  smal l  nuc lea r  
r e a c t o r  space power systems t o  the  Mar iner  Mark I 1  Cass in i  spacec ra f t /m iss ion  
has been conducted. The purpose o f  the  s tudy  was t o  i d e n t i f y  and assess the  
technology and performance issues  assoc ia ted  w i t h  the  r e a c t o r  power system/ 
spacec ra f t /m iss ion  i n t e g r a t i o n .  The Cass in i  m iss ion  was se lec ted  because 
s tudy  o f  the  Saturn system has been i d e n t i f i e d  as a h i g h  p r i o r i t y  o u t e r  p l a n e t  
e x p l o r a t i o n  o b j e c t i v e  by the  Space Science Board o f  the  Na t iona l  Academy o f  
Science. Reactor power systems a p p l i e d  t o  t h i s  m iss ion  were eva lua ted  f o r  two 
d d i f f e r e n t  uses. F i r s t ,  a very  smal l  1 kWe r e a c t o r  power system was used as a 
% Radio isotope t h e r m o e l e c t r i c  genera tor  (RTG) replacement f o r  the  nominal space- 
u c r a f t  m iss ion  sc ience pay load power requi rements w h i l e  s t i l l  r e t a i n i n g  the  
s p a c e c r a f t ' s  usual  b i p r o p e l l a n t  chemical p r o p u l s i o n  system. The second use o f  
r e a c t o r  power i nvo l ved  the  a d d i t i o n a l  replacement o f  the  chemical p r o p u l s i o n  
system w i t h  a smal l  r e a c t o r  power system and an e l e c t r i c  p r o p u l s i o n  system. 
I n  t h i s  concept, a s i n g l e  r e a c t o r  power system p rov ides  e l e c t r i c i t y  for  bo th  
nuc lea r  e l e c t r i c  p r o p u l s i o n  and fo r  an enhanced m iss ion  sc ience pay load power 
supply .  The s tudy  a l s o  prov ides  an examinat ion o f  p o t e n t i a l  a p p l i c a t i o n s  f o r  
the  a d d i t i o n a l  power a v a i l a b l e  f o r  s c i e n t i f i c  da ta  c o l l e c t i o n .  
The r e a c t o r  power system c h a r a c t e r i s t i c s  u t i l i z e d  i n  the  s tudy  were based 
on a paramet r ic  mass model t h a t  was developed s p e c i f i c a l l y  for these low-power 
a p p l i c a t i o n s .  The model was generated f o l l o w i n g  a n e u t r o n i c  s a f e t y  and 
o p e r a t i o n a l  f e a s i b i l i t y  assessment o f  s i x  smal l  r e a c t o r  concepts s o l i c i t e d  
from U.S. i n d u s t r y .  Th is  assessment p rov ided  the  v a l i d a t i o n  o f  r e a c t o r  s a f e t y  
for a l l  m iss ion  phases and generated the  r e a c t o r  mass and d imensional  d a t a  
needed fo r  the  system mass model. 
INTRODUCTION AND OVERVIEW 
Th is  r e p o r t  documents the  r e s u l t s  o f  a 9-month s tudy  t o  assess t h e  
f e a s i b i l i t y  o f  smal l  r e a c t o r  power systems a p p l i c a t i o n  t o  a r e p r e s e n t a t i v e  
unmanned s o l a r  system e x p l o r a t i o n  mission. The s tudy,  which was i n i t i a t e d  i n  
November 1986, was j o i n t l y  sponsored by NASA Headquarters Codes RP and EL w i t h  
t e c h n i c a l  management p rov ided  by the  NASA Lewis Research C e n t e r ' s  Nuclear  and 
Thermal Systems O f f i c e .  
The s tudy  cons is ted  o f  t h r e e  major  tasks :  ( 1 )  a sa fe ty  and o p e r a t i o n a l  
f e a s i b i l i t y  s tudy  o f  smal l  r e a c t o r  concepts, ( 2 )  development o f  a pa ramet r i c  
system mass model, and ( 3 )  a combined r e a c t o r  power systemlspacecraftlmission 
i n t e g r a t i o n  s tudy  for a r e p r e s e n t a t i v e  NASA m iss ion .  
1 
DISCUSSION OF APPROACH AND SUMMARY OF RESULTS 
The f i r s t  t ask  was accomplished by s o l i c i t i n g  smal l  r e a c t o r  power system 
concepts from U.S. i n d u s t r y  and conduct ing  an independent n e u t r o n i c  s a f e t y  and 
o p e r a t i o n a l  assessment o f  t h e  r e a c t o r  concepts.  Th is  assessment was conducted , 
by t h e  Oregon S ta te  U n i v e r s i t y ,  Department o f  Nuclear  Eng ineer ing  under a 
g r a n t  from NASA Lewis and t h e  complete r e s u l t s  of t h i s  t a s k  a r e  i nc luded  i n  
appendix A o f  t h i s  r e p o r t .  
The assessment o f  nuc lea r  f e a s i b i l i t y  and c r i t i c a l i t y  s a f e t y  f o r  a 
v a r i e t y  o f  m iss ion  p r o f i l e s  t h a t  i n c l u d e 1  b o t h  normal and a b o r t  scenar ios was 
accomplished by conduct ing  a n e u t r o n i c  e v a l u a t i o n  based on th ree  d imensional  
model Monte C a r l o  neut ron  and photon t r a n s p o r t  code c a l c u l a t i o n s  o f  t h e  
e f f e c t i v e  neut ron  m u l t i p l i c a t i o n  f a c t o r  f o r  f o u r  r e a c t o r  c o n f i g u r a t i o n s .  Each 
c o n f i g u r a t i o n  represented a s p e c i f i c  geometry case t o  eva lua te :  ( 1 )  s t a r t u p  
and o p e r a t i o n a l  l i f e  c a p a b i l i t y ,  ( 2 )  launch pad and ascent  shutdown c a p a b i l i t y ,  
( 3 )  launch a b o r t  water immersion c r i t i c a l i t y  and s a f e t y  f o r  a normal shutdown 
launch r e a c t o r  c o n f i g u r a t i o n ,  and ( 4 )  launch a b o r t  water  immersion and f l o o d i n g  
c r i t i c a l i t y  and s a f e t y  f o r  a c o n f i g u r a t i o n  w i t h  a l l  r e a c t o r  e x t e r i o r  c o n t r o l  
and shutdown systems removed (assumed t o  e x i s t  a f t e r  a v i o l e n t  r e e n t r y  and 
impact) .  
A summary o f  the  nuc lea r  f e a s i b i l i t y  and c r i t i c a l i t y  s a f e t y  r e s u l t s  i s  
shown i n  t a b l e  I .  Al though these r e s u l t s  rep resen t  o n l y  a r e l a t i v e l y  modest 
r e a c t o r  des ign  e f f o r t ,  a l l  t h e  concepts a r e  p o t e n t i a l l y  capable o f  meet ing,  or 
approaching, t h e  des i red  t a r g e t  r e a c t i v i t y  goa ls  w i t h  t h e  excep t ion  o f  t h e  
launch a b o r t  water f l o o d i n g  case. However, t h i s  case i s  q u i t e  severe and i s  
p robab ly  o v e r l y  conserva t ive .  
The second task  was accomplished by genera t i ng  a t o t a l  r e a c t o r  power 
system mass model t h a t  cons i s ted  of t h r e e  major  subsystems; r e a c t o r ,  s h i e l d ,  
and a l l  nonnuclear subsystem elements. The r e a c t o r  mass model was based on a 
composite o f  a l l  r e a c t o r  concepts examined i n  t a s k  1 .  F i g u r e  1 i s  a p l o t  o f  
r e a c t o r  mass versus power l e v e l  and shows c a l c u l a t e d  mass p o i n t s  f o r  each 
concept and t h e  composite model used for t h e  r e a c t o r  model. The c a l c u l a t e d  
mass va lues are  based on r e a c t o r  geometry (volumes) and m a t e r i a l  d e n s i t i e s  o f  
a l l  r e a c t o r  components used i n  t h e  c r i t i c a l i t y  assessment. S ince these masses 
do n o t  i n c l u d e  any n o n c r i t i c a l i t y  or r e a c t i v i t y  r e l a t e d  components, such as 
c o n t r o l  r o d  or r e f l e c t o r  d r i v e s  and motors or i ns t rumen ta t i on ,  t h e  composite 
model mass va lues shown i n c l u d e  an a d d i t i o n a l  15 pe rcen t  to  account  f o r  them. 
Shadow s h i e l d  mass c a l c u l a t i o n s  were c a r r i e d  o u t  a t  NASA Lewis u s i n g  an 
in-house s h i e l d i n g  code. Th is  code u t i l i z e s  a s h i e l d  th i ckness  a l g o r i t h m  
based on Monte C a r l o  analyses and can p rov ide  s h i e l d  mass as a f u n c t i o n  o f  
r e a c t o r  power l e v e l ,  reac tor - to -pay load d i s tance ,  pay load d iameter  and pay load 
neut ron  and gamma r a d i a t i o n  f l u x  and dose c o n s t r a i n t s  for a wide v a r i e t y  o f  
s h i e l d  geometries. The nonnuclear  subsystem mass model shown i n  f i g u r e  2 was 
based on da ta  ob ta ined  from a l i t e r a t u r e  search of p a s t  r e a c t o r  power system 
designs and a d e t a i l  mass breakdown of t h e  SNAP-1OA f l i g h t  hardware. Because 
o f  t h e  predominance o f  a t h e r m o e l e c t r i c  power convers ion  da ta  base, t h e  mass 
model used fo r  t h e  power convers ion  component was a r b i t r a r i l y  based on t h i s  
da ta  base. The o t h e r  nonnuclear components modeled as a f u n c t i o n  o f  power 
l e v e l  i nc luded  e l e c t r i c a l  power management and d i s t r i b u t i o n ,  r a d i a t o r ,  and 
s t r u c t u r e .  The r a d i a t o r  model shown i s  based on a c o n i c a l  des ign  a t  8 kg/m2. 
2 
A t y p i c a l  t o t a l  mass t a b u l a t i o n ,  based on combining a l l  subsystem mass 
model r e s u l t s ,  i s  shown i n  t a b l e  11. This  t a b l e  i n c l u d e s  s h i e l d  masses f o r  
payload gamma r a d i a t i o n  dose c o n s t r a i n t s  rang ing  from 300 kRAD f o r  hardened 
e l e c t r o n i c s  down t o  7.5 kRAD which represents  about t w i c e  t h e  expected n a t u r a l  
space r a d i a t i o n  background i n t e g r a t e d  gamma dose l e v e l  f o r  t h e  Cass in i  m iss ion .  
The mass summary i nc ludes  bo th  20 and 40 m reac tor - to -pay load separa t i on  
(boom) d is tances ;  a d d i t i o n a l  5, 10, and 60 m cases were a l s o  c a l c u l a t e d .  
S h i e l d  masses a re  p rov ided  for a pay load d iameter  ( s p o t )  o f  6 m; however, 
a d d i t i o n a l  spot  s i zes  o f  2 and 10 m were a l s o  c a l c u l a t e d .  The m u l t i p l i c i t y  o f  
v a r i a t i o n s  i n  r a d i a t o r  geometry, boom leng th ,  pay load d iameter  and r a d i a t i o n  
dose l e v e l  w e r e  p rov ided  t o  a l l o w  the  r e a c t o r / s p a c e c r a f t  i n t e g r a t i o n  t a s k  team 
t o  i n v e s t i g a t e  a wide range o f  des ign c o n f i g u r a t i o n  o p t i o n s .  
The t h i r d  task  was accomplished by conduct ing  a r e a c t o r  power system/ 
spacec ra f t  i n t e g r a t i o n  s tudy  a t  the  NASA J e t  P ropu ls ion  Labora tory  (JPL) 
u t i l i z i n g  the  Mar iner  Mark I1 Cass in i  spacec ra f t  and m iss ion  concepts.  
t a s k  r e l i e d  on a wide v a r i e t y  o f  p ropu ls ion ,  spacec ra f t ,  and m iss ion  des ign  
i n p u t  from the  JPL team as w e l l  as the  r e a c t o r  power system pa ramet r i c  mass 
model r e s u l t s  from task  2 .  The complete r e s u l t s  of t h i s  t a s k  a re  i n c l u d e d  i n  
appendix B o f  t h i s  r e p o r t .  
Th is  
Th is  task  was s t r u c t u r e d  t o  s a t i s f y  two o b j e c t i v e s :  ( 1 )  i n v e s t i g a t i o n  o f  
t h e  i n t e g r a t i o n  o f  a ve ry  smal l  r e a c t o r  power system and the  Mar iner  Mark I 1  
Cass in i  spacecraf t  and m iss ion ,  and ( 2 )  de te rm ina t ion  of the  u t i l i t y  o f  a low 
power nuc lea r  e l e c t r i c  p r o p u l s i o n  (NEP)  system for the  Cass in i  m iss ion .  The 
approach used t o  meet the  f i r s t  o b j e c t i v e  was based on u s i n g  a r e a c t o r  power 
system t o  rep lace  the  usual  r a d i o i s o t o p e  t h e r m o e l e c t r i c  genera tor  (RTG) 
power supp ly  to  perform the  same sc ience pay load f u n c t i o n s  w i t h  the  same 
launch v e h i c l e  u s i n g  the  same spacecraf t .  The approach used t o  meet t h e  
second o b j e c t i v e  was based on us ing  a p r e v i o u s l y  developed NEP spacec ra f t  
c o n f i g u r a t i o n  us ing  i o n  engine system p r o j e c t i o n s .  
A summary o f  the  r e s u l t s  fo r  the  r e a c t o r  power sys temlcass in i  spacec ra f t  
The re fe rence  
"RTG replacement" i n t e g r a t i o n  s tudy i s  shown i n  f i g u r e  3. 
t he  f l i g h t  t ime p e n a l t y  i n c u r r e d  by the  a d d i t i o n a l  mass o f  a 1 kWe r e a c t o r  
power system l o c a t e d  on a 20-m boom a t tached t o  the  spacec ra f t .  
f l i g h t  t ime o f  6.8 years i s  based on a 1995 launch of a T i t a n  I V  and Centaur 
G '  launch v e h i c l e  combinat ion (308 Isp) and u t i l i z e s  a D e l t a  V Ea r th -Jup i te r  
g r a v i t y  a s s i s t  t r a j e c t o r y  ( a v a i l a b l e  o n l y  3 years o u t  of 20; t h e  n e x t  window 
i s  from 1995 t o  1997) t o  a r r i v e  a t  Saturn.  Three 1 kWe r e a c t o r  power system 
masses a r e  shown as a f u n c t i o n  o f  i n t e g r a t e d  gamma r a d i a t i o n  dose ove r  a 6-m 
d iameter  payload. The 300 kRAD gamma r a d i a t i o n  dose rep resen ts  a near term 
p r o j e c t i o n  f o r  a wide v a r i e t y  o f  e l e c t r o n i c  i n t e g r a t e d  c i r c u i t s  and the  7 . 5  
kRAD va lue  i s  t he  c u r r e n t  Mar iner  Mark 11 r a d i a t i o n  s p e c i f i c a t i o n .  
s p e c i f i c a t i o n  i s  based s o l e l y  on the  expected n a t u r a l  environment dose and i s  
n o t  d i r e c t l y  r e l a t e d  t o  an e l e c t r o n i c s  r a d i a t i o n  hardness va lue .  
Th is  f i g u r e  d i s p l a y s  
Th is  
Based on the  r e a c t o r  power system mass model shown i n  t a b l e  11, a 300 
kRAD gamma r a d i a t i o n  dose s p e c i f i c a t i o n  w i l l  be met by a 371 kg  r e a c t o r  power 
system mass. This  mass w i l l  i n c u r  a f l i g h t  t ime p e n a l t y  of about 0.8 yea r .  
Even a t  the  n a t u r a l  environment r a d i a t i o n  dose l e v e l  o f  7.5 kRAD the  f l i g h t  
t ime p e n a l t y  i s  o n l y  about 1.3 years.  
3 
A summary o f  t h e  r e s u l t s  o f  t h e  de te rm ina t ion  o f  t h e  u t i l i t y  o f  a low 
power NEP system f o r  t h e  Cass in i  m iss ion  i s  shown i n  f i g u r e  4 .  Reactor power 
system mass i s  p l o t t e d  as a f u n c t i o n  of power o u t p u t  ( f o r  T / E  convers ion)  f o r  
t h e  range o f  i n t e g r a t e d  gamma r a d i a t i o n  dose l e v e l s  from 7.5 t o  300 kRAD. A l l  
r e a c t o r  mass va lues a r e  based on a 40 m reac tor - to -pay load separa t i on  d i s tance  
and a pay load dose p lane d iameter  o f  6 m. M iss ion  f l i g h t  t imes o f  7 ,  8 ,  and 9 
years  a re  d i sp layed  for a conserva t i ve  NEP subsystem based on 30 c m  Xenon i o n  
t h r u s t e r  technology.  
The major conc lus ion  d e r i v e d  from f i g u r e  4 i s  t h a t  a r e l a t i v e l y  low power 
25 to  30 kWe nuc lea r  e l e c t r i c  p r o p u l s i o n  ( N E P )  system can d e l i v e r  the  Cass in i  
spacec ra f t  t o  Saturn  w i t h  no f l i g h t  t ime p e n a l t y .  I t  may a l s o  be asse r ted  t h a t  
t h e  use o f  h ighe r  power l e v e l s  can p r o v i d e  a t r i p  t ime  sav ings.  A d d i t i o n a l  
b e n e f i t s  o f  NEP a r e  a l s o  s i g n i f i c a n t  f o r  t h i s  m iss ion .  F i r s t ,  t h e  d i r e c t  
t r a j e c t o r y  a l lowed by e l e c t r i c  p r o p u l s i o n  e l i m i n a t e s  a l l  D e l t a  V g r a v i t y  a s s i s t  
maneuvers and removes t h e  1995-1997 launch window c o n s t r a i n t .  Second, and o f  
major  s i g n i f i c a n c e ,  i s  t h e  f a c t  t h a t  upon a r r i v a l  a t  Saturn  t h e  e l e c t r i c  
p r o p u l s i o n  system can be shut  down and a l l  r e a c t o r  power system generated 
e l e c t r i c i t y  i s  a v a i l a b l e  for pay load sc ience.  Thus, f o r  t h e  f i r s t  t ime,  power 
l e v e l s  f a r  i n  excess o f  t h e  usual  200 W cou ld  be a v a i l a b l e  for  sc ience on a 
p l a n e t a r y  spacec ra f t .  
A s  p a r t  of t h i s  s tudy  a p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  p o t e n t i a l  
sc ience a p p l i c a t i o n s  t h a t  cou ld  b e n e f i t  from a d d i t i o n a l  a v a i l a b l e  power was 
c a r r i e d  o u t .  A prev ious  in-house NASA s tudy i n v e s t i g a t e d  sc ience a p p l i c a t i o n s  
o f  a d d i t i o n a l  a v a i l a b l e  power and i d e n t i f i e d  s i g n i f i c a n t  p o t e n t i a l  sc ience 
b e n e f i t s .  Table I11 summarizes t h e  r e l e v a n t  r e s u l t s  and l i s t s  t h e  b e n e f i t s  
and power l e v e l  requ i rements  i d e n t i f i e d .  A d d i t i o n a l  e f f o r t s  c a r r i e d  o u t  f o r  
t h i s  s tudy were conducted a t  JPL and p rov ided  a more d e t a i l e d  i n v e s t i g a t i o n  o f  
seven se lec ted  sc ience areas t o  b e t t e r  q u a n t i f y  t h e  b e n e f i t s  o f  inc reased 
sc ience power a v a i l a b i l i t y .  These sc ience areas a r e  da ta  r a t e ,  r a d i o  
o c c u l t a t i o n ,  r e l a t i v i t y l g r a v i t y  wave, sensor c o o l i n g ,  r a d a r ,  p a r t i c l e s  and 
f i e l d s ,  and l a s e r .  The complete r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  i nc luded  i n  
appendix C o f  t h i s  r e p o r t .  A summary of t h r e e  se lec ted  h i g h  p a y o f f  areas a r e  
presented he re in :  inc reased da ta  r a t e ,  r a d i o  o c c u l t a t i o n ,  and r e l a t i v i t y .  
S ince t h e  va lue  o f  sc ience in fo rmat ion ,  such as r e s o l u t i o n  and q u a n t i t y ,  
i s  o f t e n  p r o p o r t i o n a l  t o  da ta  r a t e ,  a h i g h  r a t e  i s  d e s i r a b l e .  Cur ren t  sc ience 
da ta  r a t e s  f o r  p l a n e t a r y  e x p l o r a t i o n  miss ions  range from 8 t o  134 kbps f o r  
G a l i l e o  a t  J u p i t e r  t o  115 t o  268 kbps fo r  Magel lan a t  Venus u s i n g  t h e  34 o r  
70 m DSN r e c e i v i n g  antennae. The power r e q u i r e d  t o  increase da ta  r a t e s  t o  a 
des i red  va lue  o f  1000 kbps i s  dependent on p l a n e t a r y  d e s t i n a t i o n  or spacec ra f t  
to e a r t h  range. Typ ica l  power requi rements f o r  an enhanced da ta  r a t e  o f  1000 
kbps from J u p i t e r ,  Saturn,  Uranus, and Neptune a r e  2 ,  8 ,  25, and 60 kWe, 
respec t  i v e l  y. 
Radio o c c u l t a t i o n  enhancement to  p r o v i d e  new and more complete cha rac te r -  
i z a t i o n  o f  p l a n e t a r y  atmospheres i s  r e q u i r e d  for J u p i t e r  and Saturn .  RF 
p e n e t r a t i o n  o f  ammonia, methane, and water  vapor c louds  i s  seve re l y  l i m i t e d  by 
t h e  low power l e v e l s  c u r r e n t l y  a v a i l a b l e .  Atmospheric model s t u d i e s  p r o j e c t  
p e n e t r a t i o n  depths o f  up to 50 km for J u p i t e r ,  which w i l l  r e q u i r e  power l e v e l s  
up to 100 kWe. S i m i l a r  models for Saturn  p r e d i c t  maximum p e n e t r a t i o n  depths 
o f  up t o  100 km r e q u i r i n g  R F  power l e v e l s  i n  excess o f  1000 kWe. 
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The detection ability and resolution of relativity or gravity wave 
signatures is currently limited by a variety of factors including signature 
degradation due to planetary medium and spacecraft radio system effects, time 
delay RF signal path curvature, and red shift frequency variations. A gravity 
wave detection value function in excess of 0 dB is desired to overcome these 
limitations which will require power levels in excess o f  10 kWe. 
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ABSTRACT 
l -  
c 
The f e a s i b i l i t y  and s a f e t y  o f  s i x  conceptual smal l ,  low power n u c l e a r  
r e a c t o r  designs was eva lua ted .  
de te rm ina t ion  o f  s u f f i c i e n t  r e a c t i v i t y  margins f o r  seven years  of f u l l  
power ope ra t i on  and s a f e  shutdown as w e l l  as h a n d l i n g  d u r i n g  pre- launch 
assembly phases. 
f o r  m a i n t a i n i n g  s u b c r i t i c a l  c o n d i t i o n s  i n  t h e  event  o f  launch o r  t r a n s -  
p o r t a t i o n  acc idents .  These inc luded  water immersion acc iden t  scenar ios  
bo th  w i t h  and w i t h o u t  water  f l o o d i n g  the core. 
o f  t h e  concepts can p o t e n t i a l l y  meet the f e a s i b i l i t y  and s a f e t y  r e q u i r e -  
ments; however, due t o  t h e  p r e l i m i n a r y  na tu re  o f  t h e  designs considered, 
more d e t a i l e d  des igns  w i l l  be necessary t o  enab le  these concepts t o  
f u l  l y  meet the  s a f e t y  requirements.  
F e a s i b i l i t y  e v a l u a t i o n s  i nc luded  the  
S a f e t y  e v a l u a t i o n s  were concerned w i t h  the  p o t e n t i a l  
Resu l t s  show t h a t  most 
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1.0 INTRODUCTION 
T h i s  report  documents the resul ts  of a preliminary small reactor 
concepts f e a s i b i l i t y  and safety evaluation s tudy performed by the Oregon 
State University Department of Nuclear Engineer ing,  Or. Andrew C.  Klein, 
principal invest igator .  The study was carried out over a seven-month 
period from November 1986 t o  May 1987 and i s  f u l l y  compliant w i t h  the 
grant objectives set  for th  by the NASA Lewis Research Center, Harvey S .  
Bloomfield, Technical Officer. I t  was designed t o  provide a first-order 
Val idation of the nuclear feasi b i  1 i t y  and c r i t i c a l  i t y  safety assessment 
of six small reactor  concepts provided by five U.S. corporations w i t h  
interest and expert ise  i n  space nuclear power systems. Each concept 
proposed by industry included an appropriate power conversion and heat 
rejection subsystem. This study, however, addresses only the proposed 
reactor subsystems and includes power conversion elements only t o  the 
extent tha t  they form an integral part  o f  the reactor design concept. 
For proprietary and other reasons the six concepts have been disassociated 
from their industry advocates. 
Validation of nuclear f eas ib i l i t y  and c r i t i c a l i t y  safety assessments 
o f  each concept was based on Monte Carlo three-dimensional model calculations 
of the effective multiplication factor ,  k,,f, f o r  four configurations 
of each reactor concept. 
geometry case t o  evaluate s tar tup and operational l i f e  capabili ty,  launch 
Each configuration represented a specif ic  
pad and ascent shutdown capabili ty and water imnersion c r i t i c a l i t y  and 
safety fo r  both a normal launch configuration w i t h  a l l  shutdown subsystems 
i n  place and a post-impact launch abort configuration w i t h  a l l  ex te r ior  
control and shutdown systems removed. Optional concept variations i n  
core poison materials,  ref lector  and control rod/drum geometries, core 
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core poison m a t e r i a l s ,  r e f l e c t o r  and c o n t r o l  rod/drum geometries, core  
f u e l  d i s t r i b u t i o n  and p a r t i a l  water f l o o d i n g  geometr ies have a l s o  been 
inc luded  where necessary f o r  concept e v a l u a t i o n .  
The smal l  r e a c t o r  concepts evaluated i n  t h i s  s tudy  have p o t e n t i a l  
space a p p l i c a t i o n s  f o r  miss ions  i n  the nominal 1 t o  20 kWe power ou tpu t  
range. These e l e c t r i c a l  power ou tpu ts  correspond t o  r e a c t o r  thermal 
power l e v e l s  o f  f rom about 5 t o  300 kWt depending on power conversion 
subsystem type  and e f f i c i e n c y .  
Many smal l  r e a c t o r  concepts have been proposed f o r  a p p l i c a t i o n s  
i n  t h i s  power range. These inc lude  the  w e l l  known U.S. SNAP s e r i e s  
o f  r e a c t o r s  r1-61 as w e l l  as U.S.S.R. r e a c t o r s  [7]. 
The launch a b o r t  water  imnersion s a f e t y  ph i l osophy  t h a t  was acceptab le  
f o r  U.S. space r e a c t o r s  i n  the  1960's a l lowed f o r  a s u p e r c r i t i c a l  excurs ion .  
Cur ren t  s a f e t y  standards w i l l  r e q u i r e  s u b c r i t i c a l i t y  under a l l  water 
imners ion  and c r e d i b l e  f l o o d i n g  s i t u a t i o n s .  There fore ,  low power r e a c t o r  
design concepts t h a t  i n c o r p o r a t e  a d d i t i o n a l  po ison c o n t r o l  schemes w i t h o u t  
s a c r i f i c i n g  o p e r a t i n g  r e a c t i v i t y  need t o  be eva lua ted .  
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2.0 DESCRIPTION OF mlDELIN6 TECHWIWES USED 
2.1 Nuclear Mels  
The nuclear feasibility and criticality safety evaluations were 
performed using the MCNP Monte Carlo neutron transport code, version 3 [8). 
All calculations were performed on the NASA Lewis Research Center's 
CRAY-XMP computer. 
the proposed reactor concepts utilizing homogeneous, three-dimensional 
models of each reactor and its associated sub-systems and components 
as described below. It is felt that greater detail for such scoping 
studies is unnecessary and would not be warranted considering the level 
of design detail available. 
representations were available, more detail was included. 
model, such as is available by using MCNP, allows the models to more 
accurately treat non-symmetric reactor components, such as reflectors, 
than a one- or two-dimensional model. The cross section set utilized 
for these calculations was the ENDF/B-IV data set supplied by the Radiation 
Shielding Information Center, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee with the MCNP code [ 91. 
descriptions of the operational and accident scenarios modeled, and 
the compositional and geometrical models used for each o f  the six conceptual 
designs. 
First order criticality results are obtained for 
In those cases where more accurate geometrical 
A three dimensional 
The following sections give detailed 
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2.2 Case Oescriptions and Desirable Limits 
2.2.1 Maximum R e a c t i v i t y  
I n  these c o n f i g u r a t i o n s ,  t h e  maximum o p e r a t i n g  r e a c t i v i t y  i s  d e t e r -  
mined t o  eva lua te  t h e  i n i t i a l  c r i t i c a l i t y  o f  each o f  t h e  r e a c t o r  concepts. 
For t h i s  a n a l y s i s ,  a l l  c o n t r o l  rods are f u l l y  wi thdrawn, a l l  c o n t r o l  
drums are r o t a t e d  so t h a t  t h e i r  absorber su r faces  a r e  faced away from 
t h e  core  and t h e i r  r e f l e c t o r  surfaces face  inward  toward the  core.  
For concepts w i t h  s l i d i n g  r e f l e c t o r s  which a r e  removed t o  a l l o w  sub- 
c r i t i c a l i t y ,  these r e f l e c t o r s  a r e  p o s i t i o n e d  i n  such a way as t o  p rov ide  
f o r  t h e  maximum amount o f  neut ron  r e f l e c t i o n .  I n  these cases, f i x e d  
poisons a r e  assumed t o  remain i n  the  core and t h e  o b j e c t i v e  i s  t o  e s t i -  
mate the  maximum amount o f  excess r e a c t i v i t y  a v a i l a b l e  f o r  normal opera- 
t i o n .  
The t a r g e t  va lues  f o r  keff f o r  these cases was r e q u i r e d  t o  f a l l  
between 1.05 and 1.09. These l i m i t s  were chosen t o  a l l o w  f o r  s t a t i s t i c a l  
var iances i n  t h e  c a l c u l a t i o n a l  techniques, c r o s s  s e c t i o n  i naccu rac ies  
and temperature e f f e c t s  on s t a r t u p ,  and t o  ensure s u f f i c i e n t  r e a c t i v i t y  
margins to  provide for reactor operation for a seven year period due 
t o  burnup. I t  i s  f e l t  f o r  these i n i t i a l  f e a s i b i l i t y  c a l c u l a t i o n s  t h a t  
i f  a concept f a l l s  w i t h i n  t h i s  range, t h e  r e s u l t s  shou ld  p rov ide  suf -  
f i c i e n t  con f idence i n  t h e  s t a r t u p  c a p a b i l i t y  of t h e  r e a c t o r .  
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2.2.2 Launch Confiquration 
In the launch configuration, a l l  movable poisons are placed i n  
such a manner t h a t  a subcrit ical  assembly i s  maintained prior t o  and 
d u r i n g  launch. Control rods are f u l l y  inserted in to  the core, control 
drums are  rotated so t h a t  the i r  absorber sections are facing the core, 
and any movable ref lectors  used for  control are  removed and stored i n  
t he i r  launch positions. 
of shutdown margin available t o  the reactor d u r i n g  the fabrication o f  
the concept and the safety of the concept a f t e r  i t  i s  loaded i n t o  the 
launch vehicle. 
down the reactor system after i n i t i a l  c r i t i c a l i t y  i n  sapce should a 
problem develop. 
These cases are  designed t o  test  the amount 
They also give some measure of the capabili ty t o  s h u t -  
The ideal values for keff for  these cases would be a low as  pos- 
s ib le ;  however, a value of less  than 0.9 would be acceptable from a n  
i n i t i a l  f e a s i b i l i t y  standpoint. T h i s  would provide suff ic ient  shutdown 
margin f o r  these concepts and allow f o r  s t a t i s t i c a l  variations,  inaccu- 
racies of nuclear data,  and other e f fec ts .  
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2.2.3 Water Immersion 
In  the water imnersion cases, an accident i n  w h i c h  the reactor  
system i s  dropped i n t o  water i s  simulated. This could occur d u r i n g  
a l aunch  which i s  unable t o  place the reactor into o r b i t ,  or  d u r i n g  
the transportation of the completed reactor system t o  the launch s i t e ,  
or  d u r i n g  the loading o f  the reactor system into the launch vehicle. 
I n  these cases i t  i s  assumed t h a t  the launch configuration described 
above i s  maintained, no water i s  allowed to  enter the reactor  system, 
and the en t i r e  reactor system i s  placed a t  the center of a 5 meter sphere 
of water. Here, the water only ac t s  as an  a d d i t i o n a l  r e f l ec to r  and 
external neutron moderator. No neutron moderation, other than from 
designed core materials,  i s  included w i t h i n  the reactor system. 
i t  i s  assumed tha t  no physical damage t o  the reactor core occurs and 
t ha t  there i s  no redistribution of core or ref lector  materials ( i  . e . ,  
Also, 
no compact i on ) . 
For water immersion accident scenarios, an acceptable upper 1 imit 
f o r  keff was chosen t o  be 0.95. T h i s  value includes allowances f o r  
s t a t i s t i c a l  and data uncertainties,  and possible small amounts of 
re-dis t r ibut ion of reactor components due t o  impact damage. 
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2.2.4 Water F lood inq  
Water f l o o d i n g  cases model the water immersion acc iden t  w i t h  no 
al lowances f o r  a c t i v e  shutdown systems e x t e r n a l  t o  t h e  core.  I n  these 
cases, a l l  movable components e x t e r i o r  t o  the  core  a r e  assumed t o  have 
been removed on impact.  
c o n t r o l  drums. 
r e f l e c t o r  s e c t i o n s  w i l l  remain i n t a c t  on impact. 
water i s  a l lowed t o  f i l l  any and a l l  of t he  vo ids  w i t h i n  the  r e a c t o r  
system, i n c l u d i n g  c o o l a n t  f l o w  channels i n s i d e  t h e  core,  heat pipes, 
r e f l e c t o r  c o o l i n g  tubes, e t c .  Th is  i nc ludes  the  assumption t h a t  a l l  
coo lan t  volume f r a c t i o n s  i n  those concepts which u t i l i z e  a l i q u i d  c o o l a n t  
(even i f  i t  i s  f r o z e n  s o l i d  f o r  launch) a r e  rep laced w i t h  water and 
t h a t  any core  hea t  p ipes  a r e  f i l l e d  w i t h  water. 
c o n f i g u r a t i o n  i s  t hen  submersed a t  t he  cen te r  o f  a 5 meter sphere o f  
water as i n  t h e  water  immersion cases. 
o f  t h e  r e a c t o r  c o r e  and r e f l e c t o r s  a r e  made i n  t h i s  model ing e f f o r t ,  
however, s ince  such an a c c i d e n t  scenar io  would be h i g h l y  des ign  and 
impact dependent. 
Th i s  i nc ludes  any movable r e f l e c t o r s  and any 
It i s  f u r t h e r  assumed t h a t  t he  core  i t s e l f  and any f i x e d  
Also,  f o r  these cases, 
I n  a d d i t i o n ,  t h e  r e s u l t i n g  
No al lowances f o r  t h e  compaction 
Acceptable l e v e l s  o f  s u b c r i t i c a l i t y  cou ld  be assumed f o r  such cases 
i f  keff i s  found t o  be l e s s  than 0.95. 
t o  a l l o w  f o r  s t a t i s t i c a l  and da ta  accuracy, b u t  does n o t  l eave  v e r y  
much margin i n  t h e  cases where compaction o f  t h e  co re  was p o s s i b l e .  
Again, t h i s  i n c l u d e s  a margin 
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2.3 Concept Hodels 
2.3.1 Conceptual Design #1 
This  f i r s t  r e a c t o r  concept i s  an SP-100 d e r i v a t i v e  r e a c t o r  system 
w i t h  uranium n i t r i d e  f u e l  (90% enr i ched  i n  U235). The f u e l  p i n  c l a d d i n g  
i s  t h e  r e f r a c t o r y  meta l  a l l o y  Nb- lZr,  and the  r e a c t o r  c o o l a n t  i s  l i t h i u m .  
This  coo lan t  i s  assumed t o  be enr iched t o  100% i n  t h e  L i /  i oso tope  t o  
e l i m i n a t e  p a r a s i t i c  thermal captures  by L i 6  and t o  reduce t h e  fo rma t ion  
o f  t r i t i u m  d u r i n g  o p e r a t i o n .  
t h a t  t he  f u e l  elements a r e  arranged i n  a c lose  packed arrangement w i th  
a p i t c h  t o  d iameter  r a t i o  o f  1.0. 
t h e  core  by  a t h e r m o e l e c t r i c  e lec t romagnet ic  (TEM) pump and th rough 
an annulus o u t s i d e  o f  t he  r a d i a l  r e f l e c t o r  where t h e  thermal  energy 
i s  converted t o  e l e c t r i c i t y  by an a r r a y  o f  thermo e l e c t r i c  (TE)  conversion 
elements l o c a t e d  on t h e  o u t s i d e  o f  t he  r e a c t o r  vesse l .  
Another f e a t u r e  o f  t h e  r e a c t o r  core  i s  
The l i t h i u m  c o o l a n t  i s  pumped through 
The neut ron  economy o f  t h e  r e a c t o r  system i s  enhanced by  r a d i a l  
and a x i a l  b e r y l l i u m  o x i d e  r e f l e c t o r s ,  and r e a c t i v i t y  c o n t r o l  i s  ob ta ined 
th rough t h e  use o f  a c e n t r a l ,  f i n e  mot ion c o n t r o l  r o d  c o n t a i n i n g  boron 
carb ide .  
i s  t o  be designed t o  p r o v i d e  s u f f i c i e n t  accuracy t o  a l l o w  f o r  o p e r a t i o n a l  
r e a c t i v i t y  c o n t r o l .  
Th i s  r o d  i s  f u l l y  i n s e r t e d  f o r  shutdown, and t h e  d r i v e  mechanism 
F igu re  2-1 shows t h e  nominal 10 kWe model used f o r  t h e  r e a c t i v i t y  
and s a f e t y  c a l c u l a t i o n s ,  i n c l u d i n g  t h e  dimensions o f  a l l  components. 
Each r e g i o n  i s  homogenized f o r  s i m p l i c i t y  and t h e  compos i t ions  f o r  each 
r e g i o n  a r e  shown i n  Table 2-1. 
t h e  TE elements a r e  n o t  modeled i n  ex tens i ve  d e t a i l ;  however, t h i s  should 
Note t h a t  bo th  t h e  c o o l a n t  p lena and 
n o t  have any e f f e c t  on t h e  c a l c u l a t i o n s .  For t h e  maximum r e a c t i v i t y  
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case, the control rod channel i s  assumed t o  be f i l l e d  with a fuel region 
follower; Figure 2-1 represents the shutdown configuration. 
water flooding case, i t  was assumed tha t  the en t i re  reactor remains 
i n t a c t ,  including the control rod and the ref lectors  and a l l  of the 
lithium coolant was replaced with water, 
f ac t  t h a t  lithium will b u r n  when exposed t o  a i r h a t e r ,  and the resul t ing 
f i r e  would l i ke ly  cause damage t o  the reactor core and re f lec tors .  
However, f o r  c r i t i c a l i t y  calculat ions,  i t  was assumed tha t  the straightforward 
replacement o f  lithium with water on a volumetric basis would comprise 
a worst case accident condition. 
For the 
This assumption neglects the 
Table 2-1. Region compositions modeled for conceptual design #1. 
Reg i on 
Core 
Control rod channel 
Structure 
Radial re f lec tor  
Axi a1 ref 1 ector  
Coolant plenum 
TE elements 
Composition (volume f rac t ion)  
U N  (90.521), Nb (0.308), Li (0.093) 
Boron carbide ( s h u t d o w n ) ;  UN (operating) 
Nb 
Be0 
Be0 (0.521), Nb (0.308), Li (0.093) 
Li 
S i  
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Figure 2-1. Schematic diagram o f  conceptual design #I. 
23 
2.3.2 Conceptual Desiqn #2 
This reactor concept i s  a SNAP derivative system ut i l iz ing  uranium- 
zirconium-hydride fuel clad w i t h  s t a in l e s s  s t ee l .  Heat t ransfer  from 
the core i s  provided by the forced convection of sodium-potassium (NaK), 
and thermal t o  e lec t r ica l  power conversion i s  provided by an organic 
Rankine cycle ( G R C )  heat engine u s i n g  a NaK-to-organic f l u i d  boiler.  
T h i s  reactor i s  controlled by the motion of the radial re f lec tor  
made of beryllium netal and by the incorporation of a gadolinium burnable 
poison coating on the fuel p i n  cladding. The stationary axial re f lec tors  
are  a l so  constructed of beryllium, and there i s  a f a i r l y  sizable region 
of the core designed t o  allow f o r  fuel expansion. 
of s t a in l e s s  s tee l  springs or col lapsible  expansion buttons. 
T h i s  region i s  constructed 
The nominal 5 kWe model used fo r  these calculations i s  shown i n  
Figure 2-2, and the compositions of the respective regions are  g iven  
i n  Table 2-2. 
fo r  reac t iv i ty  control,  and there i s  a designed shut ter  opening of 10.16 cm 
which i s  required for  the shutdown of this reactor. 
i s  modeled i n  Figure 2-2, and f o r  maximum reac t iv i ty  cases this  gap 
i s  completely closed. For the flooded cases,  the movable radial re f lec tors  
were considered t o  be dislodged from the outside of the reactor w i t h  
water f i l l i n g  these regions. 
the reactor core on a volumetric basis. 
Only the upper portion of the radial ref lector  i s  movable 
The shutdown configuration 
Additionally, water replaces the NaK throughout 
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Figure 2-2. Schematic diagram o f  conceptual design #2. 
Table 2-2. Region compositions modeled f o r  conceptual design 1 2  (shutdown) 
Region Composition (volume f r a c t i o n )  
Core UlOZr (U-Zr-H f u e l )  0 .694,  Z r  (0 .076) ,  
NaK (0 .117) ,  SS 316 (0.088) 
Can SS 316 
Axi a1 r e f  1 ector  Be 
Radia l  r e f l e c t o r  Be 
C o l l a p s i b l e  expansion buttons SS 316 
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2.3.3 Conceptual Desiqn #3 
This concept i s  based on a sol id  core reactor conf igu ra t ion .  
t h i s  design, uranium carbide fueled microspheres coated w i t h  pyrolytic 
graphite and zirconium carbide are embedded into graphite mat r ix  fuel 
disks. These fuel disks are  then bonded i n t o  poco graphite fuel t rays  
for support. There i s  no l i q u i d  coolant for t h i s  concept, and a l l  o f  
the f iss ion heat generated must be conducted to  the outside edges o f  
the reactor through the fuel disks and graphite t r a y s .  
i s  by thermionic convertors fixed i n t o  the beryllium metal r a d i a l  ref lector .  
I n  
Power conversion 
Control of t h i s  reactor concept i s  by the use of movable beryllium 
metal axial re f lec tors .  To obtain suff ic ient  shutdown margin i t  was 
proposed tha t  boron carbide plates  should be placed on the t o p  and bottom 
surfaces of the core,  underneath the ax ia l  re f lec tors .  These shutdown 
plates must then be removed f o r  operation once the reactor i s  i n  space 
and i n  position f o r  s ta r tup .  
Figure 2-3 shows a schematic representation of the nominal 6 kWe 
configuration modeled d u r i n g  these studies. This core i s  modeled i n  
considerably greater  de ta i l  than most o f  the other reactor concepts, 
primarily because o f  i t s  re la t ive ly  simple and heterogeneous design. 
The core has not been homogenized; ra ther ,  ten fuel tray/disk assemblies 
have been modeled. Table 2-3 gives the representative compositions 
of the various regions modeled. 
i s  the maximum achievable, normal operation reac t iv i ty  case. The launch 
configuration is  quite s imilar ,  w i t h  the axial re f lec tors  completely 
removed t o  provide suf f ic ien t  shutdown margin. 
cases, the shutdown configuration i s  placed as  i s  in to  a 5 m sphere 
The configuration shown i n  Figure 2-3 
For the water imnersion 
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of water, and fo r  the water flooding cases, i t  i s  assumed t h a t  the a x i a l  
ref lectors  are  displaced and removed on impact, and water f i l l s  th i s  
region. 
assumed to enter  the core d u r i n g  a flooding accident. 
Since the core i t s e l f  has no coolant channels, no water i s  
A second basic configuration was also modeled t o  assess the e f fec ts  
of p l a c i n g  boron carbide i n  close proximity t o  the core ex ter ior  to 
attempt t o  reduce the thermalization and ref lect ion of neutrons back 
t o  the core i n  the water immersion and flooding cases. 
resulted i n  the placement of a 0.5 cm thick B 4 C  annulus around the outside 
of the radial r e f l ec to r s ,  outside of the thermionic elements, and a 
3 cm t h i c k  d i s k  of B 4 C  being placed on the top and bottom surfaces of 
the core. 
i n  diameter) i s  included i n  the central column of graphite for  fission 
gas collection and removal. 
disks are removed and the axial ref lectors  are  replaced on the t o p  and 
bottom of the core. For the shutdown configuration, the disks are placed 
underneath the axial  re f lec tors  and fo r  the water immersion case, t h i s  
configurat ion i s  maintained d u r i n g  imnersion. 
i t  i s  assumed t h a t  the axial re f lec tors  a re  displaced and removed on 
impact, tha t  the boron carbide shutdown plates  a re  dislodged from the i r  
posit ions,  and water f i l l s  each of these regions. 
the radial  annulus of boron carbide remains in t ac t .  
These conf igu ra t ions  
In  addition, a very small hole (on the order of a few millimeters 
In the maximum reac t iv i ty  case, the B 4 C  
For the flooding case, 
I n  a l l  cases, however, 
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2-3. Schematic diagram o f  conceptual design #3. 
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Table 2-3. Region compositions modeled for conceptual design #3 (operating) 
Regi on 
Core 
Hot shoe/emitter 
Multifoil insulation 
Collector/sleves 
Radiator panel 
Axial reflector 
Radial reflector 
Composi ti on ( vol ume f ract i on ) 
UC (0.438), Graphi te (0.562) 
W 
Nb-Ta 
Be-Nb-W 
Nb 
Be 
Be-Nb-Al2O3 mixture 
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2.3.4 Conceptual Desiqn #4 
This reactor conceptual design u t i l i ze s  a uranium-yttrium-hydride 
(U-Y-H) fuel fabricated in to  plates and clad w i t h  s t a in l e s s  s t e e l .  
The uranium enrichment i s  92%. 
except t h a t  the zirconium used i n  the SNAP program i s  replaced w i t h  
yttrium for the purpose of extending the h i g h  temperature range of operation 
for  the reactor. T h i s  fuel type may be useful a t  temperatures up  t o  
1000 K, rather than the 800 K l imit  for  U-Lr-H based fue l s ,  due t o  i t s  
bet ter  h i g h  temperature retention of hydrogen [lo].  Heat i s  removed 
from the core by means of d i s k  shaped heat pipe fuel elements, and  power 
conversion is  by thermoelectric convertors attached t o  the outside surface 
of the core. 
t o  radiate the waste heat in to  space. 
Figure 2-4 shows the nominal 1.0 kW8e model used f o r  this reactor 
I t  i s  primarily a SNAP derivative concept, 
Heat pipes a re  then used on the cold side o f  the thermoelectrics 
configuration. The r e f l ec to r  regions are i n  general t reated as homogen- 
ized sections,  b u t  three core zones are included. There are two fuel 
zones represented by the plate-type heat pipes. 
the "Central Fuel Zone" and the "Outer File1 Zone." The t h i r d  fuel region 
i s  part  o f  a reversible fuel p l u g ,  made of uranium oxide clad w i t h  s ta in-  
l e s s  s tee l .  
shutdown and launch configurations. The reversed, o r  shutdown, section 
of the fuel p lug  contains boron carbide. 
i s  the maximum reac t iv i ty  case. 
operation through the use of a s l iding sleeve radial r e f l ec to r  arrangement. 
The compositions of the various regions are seen i n  Table 2-4. 
also t h a t ,  due t o  the lack of nuclear d a t a  for  yttrium, zirconium has 
These a re  shown as 
T h i s  fuel  p lug  can be removed, reversed, and replaced for  
T h u s ,  the model shown in Figure 2-4 
Reactivity i s  t o  be controlled d u r i n g  
Note 
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been substituted for yttrium throughout the core. 
a f fec t  the resu l t s  obtained f o r  t h i s  concept since yttrium has a s ign i f i -  
cantly higher thermal absorption cross section than does zirconium. 
T h i s  could great ly  
For the launch configuration, the s l iding sleeve radial  re f lec tor  
i s  removed, and the reversible fuel p l u g  i s  arranged so t h a t  the boron 
carbide end of the plug i s  inserted into the core region. 
ration was also used f o r  the water immersion cases. 
cases i t  is  assumed t h a t  the s l i d i n g  sleeve re f lec tor  i s  removed and 
water f i l l s  t h i s  region as  well as  a l l  of the vo id  spaces i n  the plate  
type heat pipes. 
p l u g  i s  dislodged on impact and water f i l l s  this region. 
This configu- 
For the flooding 
I t  i s  a l so  assumed t h a t  the central revers ible  fuel 
31 
€ 
Top Reflector 
Reversible Plug 
Fuel 
Outer Fuel Zone 
Central  Fuel Zone 
Heat  Pipe Region 
Sl iding Sleeve 
Reflector 
Bottom Reflector 
Reflect or 
Dimensions in cm 
Figure 2-4. Schematic diagram o f  conceptual design #4. 
Table 2-4. Region compositions modeled for conceptual design 14 
Res i on Composi ti on ( vol ume fraction 1 
Reversible fuel plug 
Central fuel zone 
Outer fuel zone 
Ref 1 ectors 
Heat pipes 
Uranium oxide (operating), 
B4C (shutdown) 
U-Y-H alloy 
U-Y-H alloy 
Be metal 
Fe 
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2.3.5 Conceptual Design #5  
Th is  r e a c t o r  concept i s  a f a s t  f i s s i o n ,  heat  p i p e  coo led  core  f u e l e d  
w i t h  uranium/plutonium mixed ox ide  f u e l  and c l a d  w i t h  a molybdenum/rhenium 
a l l o y .  
i so tope  used i n  t h e  f u e l .  
uranium r e p l a c i n g  t h e  Pu240 on an atom per  atom b a s i s .  
w i  11 be des ignated  as Conceptual Design #5/URANIUt4). 
accomplished by t h e  use o f  l i t h i u m  heat  p ipes  c o n s t r u c t e d  f rom a tungs ten / rhen iun  
rhenium a l l o y ,  and power conversion i s  by o u t  o f  c o r e  the rm ion ic  conver to rs .  
The uranium enr ichment i s  100% and Pu240 i s  t h e  o n l y  p lu ton ium 
(Note: Cases were a l s o  r u n  w i t h  100% enr iched 
These cases 
Heat removal i s  
C o n t r o l  i s  achieved by boron ca rb ide  po ison drums i n t e g r a t e d  w i t h  
r a d i a l  r e f l e c t o r s  made o f  b e r y l l i u m  oxide. A c e n t r a l  channel i s  p rov ided 
f o r  a shutdown c o n t r o l  r o d  o f  boron carb ide .  
6 kWe r e a c t o r  c o n f i g u r a t i o n  f o r  t h e  maximum r e a c t i v i t y  cases, and Table 2-5 
shows t h e  represented  r e g i o n  composit ions. 
t h e  c o n t r o l  drums a r e  r o t a t e d  i n  o rde r  t o  face  t h e i r  boron ca rb ide  sur faces  
toward t h e  core  and t h e  c e n t r a l  c o n t r o l  r o d  i s  i n s e r t e d .  Th is  c o n f i g u r a t i o n  
i s  then ma in ta ined  f o r  t h e  water immersion cases. 
acc iden t  scenar io  i t  i s  assumed t h a t  t h e  c o n t r o l  drums remain i n t a c t  
and i n  t h e i r  shutdown c o n f i g u r a t i o n  due t o  t h e i r  i n t e g r a t i o n  i n t o  the  
r a d i a l  r e f l e c t o r .  I t  i s  a l s o  assumed t h a t  t h e  c e n t r a l  c o n t r o l  rod  remains 
i n  p l a c e  and t h a t  a l l  o f  t h e  heat  p ipes  a r e  sheared o f f  and water  a l lowed 
t o  f i l l  t h e i r  i n s i d e  volumes. 
F i g u r e  2-5 shows a nominal 
For  shutdown and launch, 
For  t h e  f l o o d i n g  
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Figure 2-5. Schematic diagram o f  conceptual design #5. 
Table 2-5. Region composition modeled for conceptual design # 5  
Region 
Central channel 
Core 
Upper reflector 
Lower ref 1 ector 
top portion 
bottom portion 
Radial reflector 
Tungsten shield 
Main shield 
Thermi on i c s 
Composition (volume fraction) 
Void (operating); B4C (shutdown) 
U-Pu oxide (0.86), W (0.14) 
Be0 (0.86), W (0.14) 
W (0.05), Be0 (0 .95 )  
Be0 
Be0 (0.5), B4C (0.5) 
W 
Li H 
W ,  Mo 
Radiator Mo 
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2.3.6 Conceptual Design #6 
This concept i s  a thermal f i s s ion ,  heat pipe, sol id  core reactor 
system. 
coated w i t h  pyrolytic graphite and  zirconium carbide uniformly embedded 
i n t o  a beryllium metal rnatrix. Beryllium metal i s  u t i l i zed  fo r  bo th  
the a x i a l  and r a d i a l  re f lec tors .  Inert  gas controlled,  l i t h i u m  heat 
pipes constructed of Nb-1Zr are  placed w i t h i n  the core t o  remove the 
heat which i s  generated d u r i n g  operation. 
the fuel t o  the heat pipes by conduction and then to  an AMTEC energy 
conversion system. 
The fueled region consis ts  of uranium carbide microspheres 
Heat i s  transferred through 
The nominal power of the reactor modeled was 1 kWe. 
This reactor i s  controlled by two independent control systems a s  
seen i n  Figure 2-6. 
the use of shutdown control rods which penetrate the core, and the second 
consists of rotat ing control drums embedded i n t o  the r a d i a l  re f lec tor .  
The compositions of the regions modeled i s  shown i n  Table 2-5. 
represents a maximum reac t iv i ty  case i n  which the internal control rods 
a re  f u l l y  removed and the control drums are rotated outwardly. For 
shutdown and launch configurations, the control drums a re  rotated inward 
and the shutdown rods are  inserted.  The water immersion cases a l so  
u t i l i z e  this configuration. For the flooding cases the control drums 
are removed, the central control rod is assumed t o  remain i n t a c t ,  and 
a l l  of the heat pipes are  f i l l e d  w i t h  water. 
The f i r s t  control mechanism is  achieved through 
Figure 2-6 
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Figure 2-6. Schematic diagram o f  conceptual design #6. 
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Table 2-6. Region composi t ions modeled f o r  conceptual  design W6 
Region Composi t i  on ( v o l  ume f rac  t i on 1 
Core Urani  urn c a r b i d e  (0.24), 
Z r C  (0.08), C (0.08), Be (0.60) 
Heat p ipes  and c o n t r o l  rods Urani  urn c a r b i d e  (0.223), 
Z r C  (0.074), C (0.074), 
Nb (0.156), L i  (0.158), 
Boron c a r b i d e  (0.314) (shutdown), 
w i t h o u t  B4C f o r  o p e r a t i n g  case 
Rad i a 1 r e f  1 ec t o r *  
Radi a1 r e f  l e c t o r  and 
c o n t r o l  drums* 
A x i a l  r e f l e c t o r  
Graph i te  a e r o s h e l l  
Be 
Boron c a r b i d e  (0.36), Be (0.64) 
Be 
Graph i te  
* Opera t ing  case shown; f o r  shutdown case t h e  r a d i a l  r e f l e c t o r  
and c o n t r o l  drums r e g i o n  i s  reversed w i t h  t h e  r a d i a l  r e f l e c t o r  
reg ion.  
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3.0 CRITICALITY FEASIBILITY AND SAFETY EVALUATION 
3.1 Conceptual Desiqn I 1  
The i n i t i a l  f e a s i b i l i t y  r e s u l t s  f o r  t h i s  reac tor  concept are q u i t e  
encouraging. I n  the f i r s t  th ree  cases shown i n  Table 3-1 (maximum r e a c t i v i t y ,  
launch conf igurat ion,  and water immersion) t h i s  reac tor  concept nea r l y  
meets the c r i t i c a l i t y  ob jec t ives .  
s l i g h t l y  exceeds the o b j e c t i v e  o f  0.90, and the a d d i t i o n  o f  a small 
amount o f  boron carbide would e a s i l y  he lp reach t h a t  goal. The one 
case which s i g n i f i c a n t l y  f a i l s  t o  meet the goal i s  the water f l ood ing  
case. 
t he  l i t h i u m  coolant wh i l e  the  reac tor  core con f igu ra t i on  was maintained. 
Since the exposure o f  l i t h i u m  t o  water o r  a i r  causes a v i o l e n t  f i r e ,  
i t  i s  u n l i k e l y  t h a t  t h i s  core con f igu ra t i on  could be maintained dur ing  
such an accident. Also, t he  add i t i on  o f  ex t ra  con t ro l  rods i n  the core 
could be u t i l i z e d ;  a d d i t i o n a l  p a r a s i t i c  absorbers, $38 f o r  example, 
could be incorporated d i r e c t l y  i n t o  the f u e l  mater ia l ,  o r  a small f r a c t i o n  
o f  L i d  could be inc luded i n  the coolant  t o  reduce t h i s  keff value. 
The l a s t  two adjustments are p a r t i c u l a r l y  i n t e r e s t i n g  i n  t h a t  small 
amounts of these ma te r ia l s  would serve t o  insure  the launch con f igu ra t i on  
s u b c r i t i c a l i t y  requirement and could then be burned up i n  the  reac to r  
i n  a ra the r  shor t  time. The U2% a d d i t i o n  would be e s p e c i a l l y  h e l p f u l  
i n  t h a t  Pu239 which would be produced could be u t i l i z e d  t o  reduce the  
amount o f  U235 necessary a t  launch t o  ensure a 7 year reac to r  l i f e t i m e .  
The launch con f igu ra t i on  case on ly  
This occured because water was assumed t o  completely rep lace 
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Table 3-1. C r i t i c a l i t y  f e a s i b i l i t y  and s a f e t y  e v a l u a t i o n  
(keff )  r e s u l t s  f o r  conceptual design #1 
MAXIMUM LAUNCH WATER 
REACTIVITY CONFIGURATION I MME RS I ON 
1.08 0.91 0.95 
WATER 
FLOOD1 NG 
1.02 
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3.2 Conceptual Design #2 
The r e s u l t s  f o r  t h e  second r e a c t o r  conceptual  des ign  a r e  shown 
Due t o  t h e  homogeneous n a t u r e  o f  t h e  c a l c u l a t i o n s ,  a i n  Table 3-2. 
range o f  gado l i n ium burnable poison values, f rom 0.00 t o  0.02 we igh t  
percent ,  a r e  shown. 
o f  t h i s  burnab le  po ison i s  s t i l l  r equ i red ;  however, t h e  op t ima l  va lue  
should f a l l  c l o s e  t o  0.01 weight percent .  
l e v e l s  l e s s  than  0.01 we igh t  percent  i t  i s  d i f f i c u l t  t o  show t h a t  t h e  
r e a c t o r  has s u f f i c i e n t  shutdown margin, y e t  a t  much above t h i s  l e v e l  
i t  w i l l  be d i f f i c u l t  t o  g e t  t he  r e a c t o r  t o  reach c r i t i c a l i t y .  It i s  
a l s o  obvious t h a t  t h i s  r e a c t o r  concept has a problem f o r  bo th  the  water  
imners ion  and f l o o d i n g  cases. 
f a c t  t h a t  t h i s  concept i s  based on t h e  o l d  SNAP s a f e t y  c r i t e r i a  which 
p laced a d i f f e r e n t  emphasis on t h e  d i r e c t i o n  o f  r e a c t o r  c r i t i c a l i t y  
d u r i n g  water  immersion acc idents  than i s  r e q u i r e d  today. 
a t  t h a t  t i m e  was t o  a l l o w  t h e  r e a c t o r  t o  go s u p e r c r i t i c a l  d u r i n g  such 
an a c c i d e n t  and d i s p e r s e  i t s e l f  r a p i d l y ,  t he reby  c r e a t i n g  few f i s s i o n  
produc ts  and l i t t l e  environmental  concern. Thus, i n  o r d e r  f o r  a SNAP 
based r e a c t o r  system t o  meet t h e  requirement f o r  s u b c r i t i c a l i t y  under 
these a c c i d e n t  c o n d i t i o n s  a core  re -des ign  i s  needed. 
As can be seen, a cons ide rab le  amount o f  f i n e  t u n i n g  
It i s  obvious t h a t  a t  gado l i n ium 
Th is  can be exp la ined  l a r g e l y  by  t h e  
The ph i l osophy  
It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  keff va lues  f o r  t h e  water i m e r -  
s i o n  acc iden t  scenar ios  a re  h i g h e r  than those f o r  t h e  water f l o o d i n g  cases. 
Th is  r e s u l t s  because t h e  s l i d i n g  b e r y l l i u m  r a d i a l  r e f l e c t o r  i s  a l l owed  
t o  f a l l  o f f  d u r i n g  t h e  water f l o o d i n g  acc iden t ,  and i t  s tays  a t tached  
f o r  t h e  water  i m e r s i o n  case. 
i s  a more e f f i c i e n t  neu t ron  r e f l e c t o r  f o r  t h i s  r e a c t o r  c o n f i g u r a t i o n  
than water.  
Th i s  shows t h a t  t h e  b e r y l l i u m  r e f l e c t o r  
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Table 3-2. Critical i ty feasi bil i ty and safety evaluation 
(keff) results for conceptual design #2 
MAX I MUM LAUNCH MATER WATER 
REACTIVITY CONFIGURATION IMMERSION FLOODING 
1.09l 1.02 
1.062 0.97 
1.03~ 0.92 
1.15 
1.10 
1.03 
1.12 
1.06 
1.01 
1. No gadolinium internal poison. 
2. 
3. 
Internal gadolinium poison in fuel zone, 0.01 weight percent. 
Internal gadolinium poison in fuel zone, 0.02 weight percent. 
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3.3 Conceptual Desiqn 13 
I .  
Table 3-3 shows t h e  c r i t i c a l i t y  r e s u l t s  f o r  t h e  t h i r d  r e a c t o r  concept. 
The i n i t i a l  da ta  i n p u t  f o r  t h i s  concept r e s u l t e d  i n  t h e  kef f  values 
g iven on the  f i r s t  l i n e  o f  t h e  t a b l e .  The maximum r e a c t i v i t y  case i s  
c lose  t o  t h e  r e q u i r e d  va lue  and t h e  launch c o n f i g u r a t i o n ,  w i t h o u t  t he  
shutdown d i s k  and w i t h  t h e  a x i a l  r e f l e c t o r s  (which a r e  t o  be used f o r  
c o n t r o l  ) comple te ly  removed, l i e s  s l i g h t l y  above t h e  t a r g e t  va lue o f  
0.90. The o r i g i n a l  c o n f i g u r a t i o n  f o r  t he  water immersion case i s  o n l y  
s l i g h t l y  s u b c r i t i c a l  and g r e a t l y  exceeds the  l i m i t i n g  c r i t e r i o n .  Th is  
occurs because o f  t h e  r e f l e c t i o n  and moderat ion o f  neut rons  escaping 
through t h e  ends o f  t h e  reac to r .  I n  o rde r  t o  exc lude water  f rom the  
c o r e / r e f l e c t o r  reg ions  i n  the  water  immersion case, a v o i d  r e g i o n  i s  
assumed i n  t h i s  case where t h e  a x i a l  r e f l e c t o r s  would be p laced f o r  
normal opera t ion .  
con ta ine r  around t h e  r e a c t o r ,  a c t i n g  as a water  b a r r i e r .  
case, water  i s  a l l owed  t o  f i l l  a l l  o f  these spaces, and, due t o  i t s  
p r o x i m i t y  t o  t h e  core,  a c t s  as a s i g n i f i c a n t l y  b e t t e r  neut ron  moderator 
and r e f l e c t o r  than i n  t h e  imners ion case, caus ing an i nc rease  i n  keff 
t o  1.07. 
T h i s  acc ident  scenar io  assumes t h a t  t h e r e  i s  a s o l i d  
I n  t h e  f l o o d i n g  
The second l i n e  o f  Table 3-3 conta ins  t h e  keff  va lues  f o r  a mod i f i ed  
c o n f i g u r a t i o n  o f  conceptual  des ign 13. I n  t h i s  c o n f i g u r a t i o n ,  3 cm 
t h i c k  d i s k s  o f  B4C a r e  prov ided on the  t o p  and bot tom o f  t h e  core  d u r i n g  
launch t o  reduce t h e  p o s s i b i l i t y  o f  a c r i t i c a l i t y  acc iden t  due t o  water  
imnersion. 
r a d i a l  r e f l e c t o r s  i s  prov ided.  A smal l  inc rease i n  t h e  maximum r e a c t i v i t y  
i s  observed over  t h e  o r i g i n a l  c o n f i g u r a t i o n .  Th is  i s  apparen t l y  due 
I n  a d d i t i o n ,  a 0.5 cm t h i c k  annulus o f  B4C sur round ing  t h e  
43 
t o  t h e  imper fec t  a b s o r p t i o n  of  t h e  B 4 C  r a d i a l  s t r i p s  and a s l i g h t  amount 
o f  r e f l e c t i o n  f rom these s t r i p s .  
l e a k i n g  i n t o  t h i s  r e g i o n  i s  assumed t o  have escaped from the  system, 
b u t  t he  i n c l u s i o n  o f  any m a t e r i a l ,  even a very  good absorber l i k e  B4C 
s l i g h t l y  increases t h e  p o s s i b i l i t y  o f  r e f l e c t i o n .  
a l s o  be reached i n  comparing t h e  two launch c o n f i g u r a t i o n  r e s u l t s .  
I n  t h e  o r i g i n a l  c o n f i g u r a t i o n ,  any neut ron  which crosses t h e  t o p  o r  
bottom surfaces o f  t h e  core  i s  assumed t o  be removed. I n  t h e  m o d i f i e d  
c o n f i g u r a t i o n ,  a smal l  amount o f  r e f l e c t i o n  i s  p o s s i b l e  f rom t h e  combined 
shutdown d i s k  and a x i a l  r e f l e c t o r .  
I n  the  o r i g i n a l  case, any neu t ron  
This  conc lus ion  can 
The a d d i t i o n  o f  t h e  B 4 C  t o  t h i s  c o n f i g u r a t i o n  shows i t s  b e n e f i t  
i n  the  water i m r s i o n  and f l o o d i n g  cases. 
i n  the  amount o f  r e f l e c t i o n  achieved by adding a 5 m sphere o f  water 
around the  shutdown c o n f i g u r a t i o n .  Th is  shows how e f f e c t i v e  t h e  boron 
ca rb ide  i s  i n  c u t t i n g  o f f  t h e  r e t u r n  o f  neutrons t o  the  core  once t h e y  
have leaked o u t  o f  t h e  r e a c t o r  vessel .  
r e a c t o r  and en te rs  t h e  water has ve ry  l i t t l e  p o s s i b i l i t y  o f  becoming 
the rma l i zed  and be ing  r e f l e c t e d  i n t o  t h e  core. 
i n  absorbing these r e t u r n i n g  neutrons, e s p e c i a l l y  i n  t h e  water  i m r s i o n  
case. 
t h e  value o f  keff f rom 1.07 t o  1.03. 
r e s u l t  s ince i t  a l l o w s  s u p e r c r i t i c a l i t y .  
removal o f  t he  3 cm B 4 C  shutdown d i s k s ,  o r  prevents water f l o o d i n g  i s  
r e q u i  red. 
There i s  ve ry  l i t t l e  i nc rease  
Any neut ron  which escapes the  
The B 4 C  i s  v e r y  u s e f u l  
The e f f e c t  i s  a l s o  i m p o r t a n t  i n  t h e  f l o o d i n g  case i n  reduc ing  
However, t h i s  i s  s t i l l  an unacceptable 
A r e a c t o r  re -des ign  t h a t  p revents  
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Table 3-3. C r i t i c a l  i t y  feasi  b i  1 i t y  and s a f e t y  eva lua t i on  ( ke f f )  r e s u l t s  
f o r  conceptual design #3. 
OR I G I  NAL 
CONFIGURATION 
MOD I F I  ED 
CONFIGURATION 
MAXIMUM LAUNCH WATER WATER 
REACT1 V I T Y  CONFI  GURATI ON IMMERSION FLOOD I NG 
1.04 0.93 0.99 1.07 1 
1.05* 0. 9s3 0.95 1.034 
1. Boron carb ide  launch shutdown d i s k  removed from proposer 's  con f igu ra t i on .  
Ax ia l  r e f l e c t o r s  removed completely f o r  launch. 
2. Small c e n t r a l  ho le  f o r  f i s s i o n  gas c o l l e c t i o n  and B4C r a d i a l  s t r i p s  
(1.5 cm). 
3. A x i a l  shutdown d i s k s  (B4C) on t o p  and bottom and a x i a l  r e f l e c t o r s  
placed on t o p  o f  shutdown d isks.  
4. A x i a l  r e f l e c t o r s  and B4C a x i a l  shutdown d i s k s  removed p r i o r  t o  f l ood ing .  
Radial B4C s t r i p s  remain i n t a c t .  
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3.4 Conceptual Design #4 
A l a r g e  number o f  cases were r e q u i r e d  f o r  conceptual  design #4, 
s ince  t h i s  r e a c t o r  c o u l d  n o t  achieve i n i t i a l  c r i t i c a l i t y  as shown i n  
the  f i r s t  l i n e  o f  Table 3-4. 
i n  o rde r  t o  ach ieve  t h e  d e s i r a b l e  range o f  c r i t i c a l i t y  values f o r  maximum 
r e a c t i v i t y .  The i n i t i a l  changes which were made i n v o l v e d  a d j u s t i n g  
t h e  l o c a t i o n  o f  t h e  uranium f u e l  w i t h i n  the  i n n e r  and o u t e r  f u e l  zones 
o f  t he  heat p i p e  p l a t e s .  It was found t h a t  v a r y i n g  the  l o c a t i o n  o f  
t he  f u e l  had an e f f e c t  on t h e  keff  values, and t h a t  c r i t i c a l i t y  was 
approached when o n l y  1/4 t o  1/3 o f  the uranium was p laced i n  t h e  i n n e r  
fue l  p l a t e  r e g i o n  and 2/3 t o  3/4 i n  the o u t e r  r e g i o n .  The i n i t i a l l y  
proposed concept had 2/3 o f  t h e  uranium i n  t h e  i n n e r  f u e l  reg ion .  
t h i s  adjustment b y  i t s e l f  was i n s u f f i c i e n t  t o  p r o v i d e  enough a v a i l a b l e  
r e a c t i v i t y  f o r  r e a c t o r  s t a r t  up, and i n  o rde r  t o  ach ieve  c r i t i c a l i t y ,  
t h e  core  was made l a r g e r  as shown on the bottom l i n e  on Table 3-4. 
I n  a l l  o f  t h e  cases on t h i s  l i n e ,  t he  i n n e r  core  r e g i o n  shown i n  F igu re  2-4 
was increased by  3.75 cm i n  r a d i u s  and 4 cm i n  h e i g h t .  
r e g i o n  was inc reased  f rom 6 cm t o  9.75 cm i n  r a d i u s ,  t h e  o u t e r  f u e l  
r e g i o n  inc reased f rom 11.75 cm i n  r a d i u s  t o  13.75 cm, and t h e  o v e r a l l  
r a d i u s  o f  t h e  r e a c t o r  system was increased from 18 cm t o  20 cm. 
t h e  o v e r a l l  h e i g h t  o f  t h e  r e a c t o r  was increased f rom 32 cm t o  36 cm, 
and the c e n t r a l  f u e l  zone h e i g h t  was changed from 12 cm t o  16 cm. The 
r e s u l t i n g  c o n f i g u r a t i o n  shows q u i t e  s a t i s f a c t o r y  r e s u l t s  f o r  t h e  maximum 
r e a c t i v i t y ,  l aunch  c o n f i g u r a t i o n  (achieved by i n s e r t i n g  t h e  boron ca rb ide  
end o f  t h e  r e v e r s i b l e  f u e l  p l u g  and removing t h e  s l i d i n g  r a d i a l  r e f l e c t o r  
A v a r i e t y  o f  design changes were at tempted 
However, 
The i n n e r  f u e l  
Also, 
I 46 
s leeve) ,  and the water immersion cases. 
of negative reac t iv i ty  from the reversible  fuel/shutdown plug and from 
the effectiveness of the s l i d i n g  radial  re f lec tor .  (Note: The use 
of such a reversible fuel/shutdown p l u g  requires an in-space operation 
tha t  would allow fo r  the removal, ro ta t ion ,  and replacement of th i s  
fuel plug. 
T h i s  i s  due t o  the large amount 
T h i s  concept feature needs fur ther  study.) 
A signif icant  problem ex i s t s  f o r  the water flooding case which 
r e su l t s  i n  supercr i t ica l i ty .  This occurs f o r  two reascns. The f i r s t .  
i s  t h a t  on impact, the reversible fuel/shutdown p l u g  i s  assumed t o  be 
dislodged. 
value would more closely approach the 0.93 value for the water immersion 
case. The second reason i s  t h a t  water is  assumed t o  enter the shutdown 
plug region, the s l iding radial r e f l ec to r  spaces, and displace the coolant 
i n  the heat pipe plates.  
However, should the shutdown p l u g  remain i n  place, the keff 
This considerable amount of water provides 
a s ign i f icant  amount of neutron moderation, thus increasing keff. 
re-design of the shutdown p l u g  hold-down scheme t o  assure in t ac t  re-entry 
and impact i s  required. 
A 
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Table 3-4. Criticality feasibility and safety evaluation 
(keff) results for conceptual design #4 
MAX I MUM LAUNCH WATER WATER 
REACTIVITY CONFIGURATION I MMERS I ON FLOODING 
0.87l 0.57 0.83 
0.98‘ 
0. 9g3 
0. 9s4 
0.84’ 
1.076 0.756 0.936 1.076 
1. Cases run as received from proposer. 
2. 1/4 of the uranium in the inner fuel region, remainder in outer region. 
3. 1/3 of the uranium in the inner fuel region, remainder in outer region. 
4. 1/2 of the uranium in the inner fuel region, remainder in outer region. 
5. 3/4 of the uranium in the inner fuel region, remainder in outer region. 
6. 1/4 of the uranium in the inner fuel region, remainder in outer region, 
and core inner region increased in radius by 2 cm and 4 cm in height. 
Thickness of all other regions maintained. 
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3.5 Conceptual Design 15 
I .  
A v a r i e t y  o f  cases were a l s o  considered f o r  conceptual  des ign  #5. 
Table 3-5 and the  accompanying foo tno tes  present  t h e  r e s u l t s  f o r  two 
s l i g h t l y  d i f f e r e n t  r e a c t o r  concepts. 
between the  two i s  t h e  replacement o f  t he  Pu240 i n  t h e  conceptual  design 
#5 w i t h  U235 on an atom p e r  atom bas is  f o r  t he  uranium cases i n  t h e  
lower h a l f  o f  t he  t a b l e .  
o f  t h e  c a l c u l a t i o n s  u s i n g  t h e  d e t a i l e d  geometry p rov ided  by t h e  concept 's  
proposer. 
o f  t h e  concept, and when co r rec ted ,  t h e  r e s u l t  was a smal l  i nc rease  
i n  keff f o r  t he  maximum r e a c t i v i t y  cases. 
( f o o t n o t e  3) con ta ins  an even more approp r ia te  r e a c t o r  c o n f i g u r a t i o n  
i n  which the c o n t r o l  drums a r e  more adequately t r e a t e d .  
then i s  u t i l i z e d  as the  "base case" f o r  t he  subsequent c a l c u l a t i o n s .  
As s t a t e d  e a r l i e r ,  t h e  d i f f e r e n c e  
The t o p  l i n e  o f  t he  t a b l e  c o n t a i n s  t h e  r e s u l t s  
However, a f l a w  was found i n  the  da ta  d e s c r i b i n g  t h e  geometry 
The t h i r d  l i n e  o f  t h e  t a b l e  
T h i s  c o n f i g u r a t i o n  
The launch c o n f i g u r a t i o n  r e s u l t  (ke f f  = 0.94) shows t h a t  a d d i t i o n a l  
nega t i ve  r e a c t i v i t y  i s  needed i n  t h i s  concept t o  p r o v i d e  adequate (0.90) 
shutdown p r i o r  t o  launch. The a d d i t i o n  o f  t h e  c e n t r a l  c o n t r o l  r o d  i s  
i n s u f f i c i e n t  (ke f f  = 0.93) t o  accomplish t h i s  and some o t h e r  method 
i s  requ i red .  
T h i s  i s  caused by t h e  a l r e a d y  e f f i c i e n t  r e f l e c t o r s  which were used i n  
t h i s  design. 
The water imners ion  case, however, does meet t h e  requirements 
A v a r i e t y  o f  acc iden t  scenar ios  were modeled f o r  t h e  water  f l o o d i n g  
cases. I n  a l l  o f  these cases t h e  c o n t r o l  drums remain i n t a c t  and i n  
t h e i r  shutdown c o n f i g u r a t i o n .  
p ipes  and core  v o i d  spaces were f l ooded  w i t h  water  and t h e  c e n t r a l  c o n t r o l  
The f i r s t  case assumed t h a t  t h e  heat  
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rod  was removed. 
exceeds the  l i m i t  o f  0.95. The second c o n f i g u r a t i o n  shows t h e  e f f e c t s  
o f  adding the  c e n t r a l  c o n t r o l  rod,  and w h i l e  kef f  i s  l e s s  than 1.00 
i t  does n o t  meet t h e  0.95 c r i t e r i o n .  The f i n a l  two cases show t h e  e f f e c t s  
o f  f l o o d i n g  the  heat  p ipes.  
these spaces w i t h  water  has ve ry  l i t t l e  e f f e c t  on keff.  
l a r g e r  c o n t r o l  rod  e f f e c t  i n  t h e  f i n a l  case w i t h o u t  t he  water i n s i d e  
t h e  heat  pipes. 
I n  t h i s  case, as we1 as f o r  a l l  o f  these cases, kef f  
I n  t h e  f i r s t  case i t  i s  seen t h a t  n o t  f l o o d i n g  
There i s  a 
The uranium r e s u l t s  a r e  seen i n  the  lower h a l f  o f  t he  t a b l e .  S i m i l a r  
r e s u l t s  and t rends  a r e  seen as j u s t  presented f o r  t he  Puz40 cases. 
The one major d i f f e r e n c e  i s  t h e  i nc rease  i n  a l l  o f  the k,ff values across 
t h e  t a b l e .  
acceptable range, a l l  o f  t h e  o t h e r  r e s u l t s  e i t h e r  now move o u t  o f  t h e  
acceptable range o r  move f a r t h e r  o u t s i d e  the range. It i s  obv ious  t h a t  
a cons iderab le  amount o f  re -des ign  i s  necessary, e s p e c i a l l y  f o r  c o n t r o l  
and launch sa fe ty ,  i f  t h e  Pu240 i s  t o  be rep laced by U235. 
While t h e  maximum r e a c t i v i t y  values now f a l l  w i t h i n  t h e  
I 
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Table 3-5. C r i t i c a l i t y  f e a s i  bi 1 i t y  and s a f e t y  eva lua t ion  (keff)  r e s u l t s  
f o r  conceptual design #5 and conceptual design #5/uranium. 
MAX I MUM LAUNCH WATER WATER 
IMMERSION FLOOD1 NG REACTIV ITY CONFIGURATION 
CONCEPTUAL 
DESIGN #5 
1.04l 0.94 
1.05' 
1. 043 0. 944 
0. 935 
CONCEPTUAL 1.06' 
DES I GN #5/URAN I UM" 1.0711 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
0.99 1.13 
0.94 1. oo6 
1. oo8 
0. 987 
0.96' 
0.97 
Cases r u n  a s  received from proposer. 
Corrected symmetrical geometry--upper r e f l e c t o r  and upper core  3 cm 
higher .  
Footnote 2 w i t h  cont ro l  drums simulated i n  opera t iona l  conf igura t ion .  
Footnote 2 w i t h  cont ro l  drums simulated i n  shutdown conf igura t ion  
and wi thout  shutdown rod. 
Addit ional  shutdown margin provided by i n s e r t i o n  of shutdown rod. 
Heat p ipes  f looded,  core  f looded,  and without  cont ro l  rod inserted. 
Heat p ipes  f looded,  core  flooded, and con t ro l  rod inserted. 
Heat p ipes  not  f looded,  core  f looded,  and wi thout  cont ro l  rod inserted. 
Heat p ipes  not  f looded,  core  f looded,  and con t ro l  rod inserted. 
Replace Pu240 w i t h  U235 on an atom pe r  atom basis. 
Footnote 3 w i t h  cont ro l  drums i n  ope ra t iona l  conf igura t ion .  
Footnote 7 w i t h  cont ro l  drums i n  shutdown conf igu ra t ion .  
Addit ional  shutdown margin provided by i n s e r t i o n  of shutdown rod. 
Heat p ipes  f looded,  core  flooded, and without  con t ro l  rod in se r t ed .  
Heat p ipes  f looded ,  core  flooded, and con t ro l  rod inserted. 
Heat p ipes  not  f looded,  core  f looded,  and w i t h o u t  cont ro l  rod inserted. 
Heat p ipes  not  f looded,  core  f looded,  and con t ro l  rod inserted. 
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3.6 Conceptual Design #6 
The f i n a l  r e a c t o r  concept considered shows the most f a v o r a b l e  c r i t i c a l i t y  
f e a s i b i l i t y  and s a f e t y  r e s u l t s .  As seen i n  Table 3-6 f o r  t h e  p r i m a r y  
cases, a l l  o f  t he  r e a c t i v i t y  values f a l l  w i t h i n  the  d e s i r a b l e  l i m i t s .  
The maximum r e a c t i v i t y  o f  1.07 i s  i n  the middle o f  t h e  acceptab le  range. 
The launch c o n f i g u r a t i o n  and water  immersion cases show a cons ide rab le  
amount o f  a v a i l a b l e  n e g a t i v e  r e a c t i v i t y  f o r  shutdown and immersion acc iden t  
cons ide ra t i ons .  Even w i t h  the  removal o f  the c o n t r o l  drums on impact 
and t h e  f l o o d i n g  o f  t he  co re  heat  p ipes ,  t he  keff va lue  f o r  t h e  water  
f l o o d i n g  case i s  l e s s  than  0.95. 
A few e x t r a  cases were run  t o  determine the r e l a t i v e  shutdown c a p a b i l i t i e s  
o f  t h e  c o n t r o l  rods and drums. As can be seen i n  T a b l e 3 - 6 , t h e  r o t a t i o n  
o f  t h e  c o n t r o l  drums t o  t h e i r  o p e r a t i o n a l  c o n f i g u r a t i o n  w h i l e  t h e  c o n t r o l  
rods a re  i n s e r t e d  has o n l y  a smal l  e f f e c t  on keff. The reve rse  s i t u a t i o n  
i s  n o t  t r u e ,  however. I f  the  c o n t r o l  drums are p laced i n  t h e i r  shutdown 
c o n f i g u r a t i o n  and t h e  c o n t r o l  rods a r e  removed, then c r i t i c a l i t y  w i l l  
be approached. Thus, a smal l  re -des ign  o f  t he  e f f e c t i v e n e s s  o f  t h e  
c o n t r o l  drums i s  suggested i n  o r d e r  t h a t  by themselves t h e y  a r e  capable 
o f  p r o v i d i n g  s u f f i c i e n t  n e g a t i v e  r e a c t i v i t y  t o  m a i n t a i n  s u b c r i t i c a l i t y .  . 
A h i g h l y  u n l i k e l y  water  f l o o d i n g  acc ident  was a l s o  cons idered i n  
which t h e  core  remains i n t a c t ,  a l l  t h e  c o n t r o l  rods and c o n t r o l  drums 
a re  removed, and t h e  r e a c t o r  i s  f i l l e d  w i t h  water. I n  t h i s  case t h e  
r e a c t o r  would go super c r i t i c a l .  
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Table 3-6. Cr i t i ca l i t y  f e a s i b i l i t y  and  safety evaluation 
(kef f )  resu l t s  f o r  conceptual design #6 
MAX I MUM LAUNCH 
REACTIVITY CONFIGURATION 
1.07 0.78l 
0.83' 
1 . 0 0 ~  
WATER 
IMME RS I ON 
0.78 
WATER 
FLOOD I NG 
0 . 9 3 ~  
1. 165 
1. Control rods inserted and drums turned t o  shutdown configuration. 
2. Control rods inserted and drums turned t o  operational configuration. 
3. Control rods removed and drums turned t o  shutdown configuration. 
4. 
5. All control rods and drums removed d u r i n g  flooding. 
Control rods remain i n  core and control drums removed d u r i n g  flooding. 
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4.0 S M R Y  AND CONCLUSICmS 
There are  two general conclusions reached by t h i s  study concerning 
small space reactors and also specif ic  conclusions concerning each of 
the s ix  small reactor conceptual designs. 
1. Small reactor concepts are available from the U.S. nuclear 
industry w h i c h  have the potential  t o  meet bo th  the operational 
and launch safety missions requirements. 
2. Each o f  the concepts studied has the potential for  useful space 
application; however, each design has i t s  uncertainties and 
f a i lu re s .  All of the design concepts studied require fur ther  
e f f o r t s  t o  enable a more posit ive conclusion t o  be reached. 
Specific conclusions on the six conceptual designs studied are: 
Conceptual Desi qn #1 
This design appears t o  be qui te  sa t i s fac tory  for  a l l  cases considered, 
except for the water flooding case. Considerable re-design will be 
necessary t o  ensure subcr i t ica l i ty  d u r i n g  such an accident scenario. 
Small amounts of burnable poisons fo r  launch, or  increasing the number 
and worth of the internal control rods a re  two possible adjustments. 
However, the unlikely possibi l i ty  of replacing the lithium i n  the core 
with water without seriously dispersing the fuel into a sub-cr i t ical  
conf i gurati on needs t o  be considered. 
Conceptual Design #2 
This design, because i t  i s  based on the SNAPlOA launch c r i t i c a l i t y  
philosophy, f a i l s  bo th  the water immersion and water flooding t e s t s .  
A re-design of t h i s  reactor i s  necessary t o  incorporate more negative 
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react ivi ty .  The inclusion of poison control rods may be suf f ic ien t  
t o  provide the necessary negative react ivi ty .  
Conceptual Design #3  
This concept includes a number of interesting features.  Unfortunately, 
control of this reactor wi l l  be a s ignif icant  problem since i t  uti l izes 
only the end surfaces of the cylindrical core f o r  re f lec tor  control. 
This great ly  limits the amounts of positive and negative reac t iv i ty  
avai lable ,  especial ly  d u r i n g  water immersion and flooding. 
solution t o  t h i s  problem, i . e . ,  the inclusion of boron carbide shutdown 
disks on the top and bottom surfaces of the core,  helps matters only 
s l igh t ly .  
fo r  reactor operation, ( 2 )  
they s t i l l  r e f l e c t  a small fraction of neutrons back in to  the core, 
a n d  ( 3 )  the disks a re  not l ike ly  t o  remain on the top and bottom core 
surfaces on impact d u r i n g  a launch accident. 
Conceptual Design #4 
A proposed 
This i s  because (1) these disks must be removed i n  space 
even though they are  very good absorbers, 
This concept required quite a b i t  of e f f o r t  even t o  reach a c r i t i c a l  
configuration. 
primarily because i t  i s  not c lear  how the central  fuel shutdown p l u g  
T h i s  d e s i g n  a l s o  f a i l s  t o  meet the water f looding  c r i t e r i a ,  
can remain i n  place on impact i n  a launch accident. 
accident a s ign i f icant  amount of water enters the core causing neutron 
thermalization and supercr i t ical  i ty .  
t o  ensure t h a t  this cannot happen. 
Conceptual Desi qn #5 
D u r i n g  such an 
Considerable re-design i s  necessary 
This design a l so  had trouble meeting the accident c r i t e r i a ;  however, 
there were instances i n  which subcr i t ica l i ty  was achieved, b u t  not below 
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the requirements s ta ted.  
may be needed t o  reach the objectives. 
burnable poisons i n  the core, and/or increased worth of the reactor 
shutdown and control rods. One prob em associated w i t h  this design 
i s  the use of Pu240 a s  a fuel i n  the core. 
t o  U235 will require a considerable mount of core re-design since t h i s  
modified concept cannot meet the safety requirements. 
Conceptual Design #6 
I n  t h i s  case, only a small amount of re-design 
Suggested improvements include 
Switching fuel from PuZ4O 
This reactor conceptual design, as modeled, i s  the only concept 
t o  meet a l l  of the requirements. 
i n c l u d e d  t o  enable  i t  t o  remain s u b c r i t i c a l  d u r i n g  a l l  o f  t h e  accident  
cases modeled. Since the reactor modeled was based on an output power 
of only 1 kWe, scale-up t o  higher power levels  m u s t  include the consideration 
t h a t  more control rods will be needed t o  ensure subc r i t i ca l i t y  for the 
water flooding case since a greater amount of water will have access 
to  the center o f  the core i f  a l l  of the heat pipes become flooded. 
I t  has suf f ic ien t  negative reac t iv i ty  
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J NTRODUCTI 
This study is part of a broad-scope assessment of nuclear reactor power 
feasibility for NASA and civil applications undertaken at the request of 
NASA HQ code RP. The study took place between about February 1 and June 30 
1987. Selected members of the MMII spacecraft and mission design teams at 
JPL provided support and review of the results. Technology inputs for 
electric propulsion and small reactor power systems ( R P S )  were received 
from the Jet Propulsion Laboratory (JPL) and the NASA Lewis Research 
Center (LeRC) respectively. 
At the start of this study it was anticipated that the characteristics 
(primarily mass versus power) of the RPS would be provided. However as the 
study progressed it became clear that there was no consistent definition 
of a small RPS. Therefore the study took the approach of defining the 
relationship between flight time and the allowable mass and power of the 
RPS. In this manner the RPS technologists are given technology goals for  
this class of NASA deep space missions. 
The participants of this study were as follows. Unless otherwise noted all 
participants are JPL employees. 
Ross M. Jones --- Study Leader and Spacecraft Systems 
Harvey Bloomfield (LeRC) --- Reactor Power Systems 
Roe1 Van Bezooijen --- Attitude Control 
Don Bickler --- Structures and Spacecraft Configuration 
Bryan Palaszewski --- Propulsion 
Mike Shirbacheh --- Reactor Power Systems 
Stuart Kerridge --- Ballistic Trajectories 
Carl Sauer --- Nuclear Electric Propulsion Trajectories 
John Brophy --- Electric Propulsion 
Barbara White --- Electronic Parts 
A complete package of the detailed technical inputs and results of this 
study is contained in the appendix 'to this document. The appendix, while 
not included with this document, is available from the study leader. 
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PREEDiNQ PAGE BLANK NOT FILMED 
STUDY OBJECT I VES 
There were two basic objectives of this study: 1) investigate the 
compatibility between a small Reactor Power System (RPS) and the Mariner 
Mark (MM) I1 Cassini spacecraft and mission and 2) determine the utility 
of a low power Nuclear Electric Propulsion NEP system for  the Cassini 
mission. 
In the context of this study, mission compatibility was investigated only 
to the extent of understanding the flight time impacts of a small RPS and 
a low power NEP system. 
The MMII program was chosen as the example application for this study 
because MMII is the next generation deep space spacecraft being proposed 
for development by J P L  and the Cassini mission would be the first MMII . 
mission to require a power source that is independent of the sun. 
The second objective came from the first by the following path. It was 
anticipated that a small RPS would create a trip time penalty for the 
Cassini mission relative to the reference case. The second objective was 
to determine whether an increase in the power of the RPS and the use of an 
electric propulsion subsystem could eliminate the trip time penalty. Once 
the spacecraft has reached its destination and the electric propulsion 
subsystem was no longer required, the additional electric power could be 
used to enhance the science investigations. 
I JPL 
STUDY OBJECTIVES 
OBJECTIVE # 1 :  DETERHINE WHETHER A SMALL REACTOR POWER SYSTEM (RPS)  CAN BE SUCCESSFULLY 
INTEGRATED ONTO THE f lAR lNER MARK 1 1  C A S S I N I  SPACECRAFT/M lSSION*  
APPROACH : I 1 R T 6  'REPLACEMENT' 
X I )  PERFORH THE SAME SCIENCE WITH THE SAME LAUNCH VEHICLE USING THE 
SAME SPACECRAFT 
B L E  AND THE 1 1 1 1  H A I N T A I N  THE 
i 
' S P I R I T '  OF 
OBJECTIVE 12: ASSESS THE U T I L I T Y  
C A S S I N I ,  H I S S I O N -  
B A S E L I N E  SPACECRAFT AS MUCH AS POSS 
HE H M I I  PROGRAM 
OF A 'LOW POWER' NEP SYSTEM FOR THE MARINER MARK 11 
APPROACH: I )  USE NEP SPACECRAFT CONFIGURATION DEVELOPED I N  1986 S P - 1 0 0  STUDY' 
1 1 )  USE J P L  I O N  ENGINE SYSTEM PROJECTIONS 
'IOHES, ., " S P - 1 0 0  PLANETARY MISSION/SYSTEM P R E L l f l l N A R Y  DESIGN STUDY, F I N A L  REPORT', 
J P L - D - 2 h t :  JUNE 1986 
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MARINER MARK I1 BACK GROUND 
c 
The Mariner Mark I1 (MMII) program (reference 1) has been recommended for 
development by the Solar System Exploration Committee of the NASA Advisory 
Council. The MMII program would continue the exploration of the solar 
system beyond the Earth. The MMII program is envisioned as a series of 
prolects that would use the same basic spacecraft in order to reduce the 
costs. The cost goal of a MMII mission is $300M in FY ' 8 4 ,  project stdrt 
through launch plus 30 days. The first MMII mission has been proposed to 
be- the, Comet Rendezvous and Asteroid Flyby (CRAF) project. CRAF has been 
proposed to be launched in February 1993. The second MMII mission is 
proposed to be the Cassini project that would send an orbiter to Saturn 
which would deploy a probe to Saturn's large moon, Titan. Cassini is 
proposed to be launched in March 1995. 
The MMII spacecraft is being designed to be modular and inexpensively 
reconfigured for a series of missions. MMII will be a class "A" s pacecra f t 
that will use the Galileo class of fault detection and correction. No 
single spacecraft failure shall cause the loss of science data from more 
than one instrument or  the loss of more than 50% of the spacecraft 
engineering telemetry. The spacecraft is being designed to be compatible 
with the Titan IV/Centaur G' launch vehicle combination. The spacecraft 
components are being designed for a broad range of performance 
requirements with standardized interfaces to maximize the similarity among 
spacecraft in the MMII mission set. Spacecraft design costs are being 
minimized by: 1) using residual hardware/components from previous 
projects, 2) using proven design approaches, 3 )  maintaining large margins, 
4 )  providing data processing on board the spacecraft to reduce downlink 
requirements and 5 )  using new technology where it provides a cost savings. 
Some of the items of new technology that are being used in the MMII 
spacecraft design for CRAF are: 1) 4 N bipropellant thrusters and a high 
performance bipropellant engine (Isp=326 sec.) in the propulsion 
subsystem, 2) fiber optics rotation sensor and a momentum compensated 
actuator in the attitude and articulation control subsystem, 3 )  a common 
flight computer design with a 32 bit microprocessor and a 16 bit data bus 
in the command and data subsystem, 4 )  an X band solid-state amplifier in 
the telecommunications subsystem, 5) solid state power switches in the 
power subsystem and 6) a central heating system utilizing waste heat from 
the RTGs supplied to the spacecraft via heat pipes in the temperature 
control subsystem. 
1) Draper, R., "Comet Rendezvous Asteroid Flyby, First Mariner Mark II", 
American Astronautical Society Paper # 86-333, Presented at the 33rd 
AAS Annual Ueeting, Boulder Colorado; October 26-29, 1986. 
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I M A R I N E R  MARK I 1  SPACECRAFT SYSTEM 
BACKGROUND 
JPL 
a RECOMMENDED B Y  SOLAR SYSTEM E X P L O R A T I O N  COMMITTEE OF THE NASA ADVISORY C O U N C I L  
a M I S S I O N  C H A R A C T E R I S T I C S  
a BEYOND THE I N N E R  SOLAR SYSTEM 
a LONG D U R A T I O N  
a H I G H L Y  COST C O N S T R A I N E D  
a NO CLOSE SUN OR J U P I T E R  F L Y B Y S  
0 LARGE MAXIMUM EARTH AND SUN RANGES 
a H I G H  S C I E N C E  RETURN 
0 SPACECRAFT C H A R A C T E R I S T I C S  
a I N H E R I T A N C E  FROM P A S T  SPACECRAFT 
0 "FORWARD" I N H E R I T A N C E  TO L A T E R  M M I I  SPACECRAFT 
a U T I L I Z A T I O N  OF NEW TECHNOLOGY 
a I N T E R F A C E  S T A N D A R D I Z A T I O N  
a M O D U L A R I T Y  
. 
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T A S K  #1 
S M A L L  R E A C T O R  POWER S Y S T E M  ( R P S )  I N T E G R A T I O N  ONTO T H E  CASSINI M I S S I O N I S Y A C E C R A F T  
REFERENCE CASSINI MISSION 
The reference Cassini mission (reference 2) is proposed to be launched in 
March of 1995 on a Titan IV/Centaur G' launch vehicle combination. The 
total injected mass requirement is 4310 kg which includes 230 kg for the 
adapter which connects the spacecraft to the Centaur. The launch vehicle 
has the capability to inject 102 kg more than the required 4310 kg. The 
spacecraft mass of 4080 kg contains 2496 kg of bipropellants, 3 0  kg of 
hydrazine, a Titan probe of 192 kg and associated probe interface 
equipment of 61 kg. The basic dry MMII spacecraft has a mass of 1 3 0 1  kg 
which includes 154 kg of science instruments and 156 kg of contingency. 
The mission scenario is as follows. Launch and injection takes place on 
March 15, 1995 followed by a deep space delta V burn (568 m/sec) on March 
17, 1996. After the deep space delta V burn and just prior to the Earth 
flyby, the spacecraft is at its closest approach to the Sun at 0.89 A .  u .  
The spacecraft gets a gravity assist from the Earth on April 29, 1997 
during an Earth flyby and another gravity assist from Jupiter on May 25, 
1999. Arrival and insertion into Saturn orbit takes place on January 5, 
2002. The magnitude of the insertion delta V burn is 1436 m/sec. The Titan 
probe is released when the spacecraft is in orbit around Saturn about 8 0  
days after Saturn insertion. The spacecraft remains in orbit around Saturn 
for about another four years during which time it uses 393 m/sec worth of 
delta V in order to adjust the orbit to meet the science requirements and 
to have about 35 flybys with the various moons of Saturn. 
The current spacecraft design includes two RTGs, one GPHS and one MHW. 
Together these RTGs produce 433 We at the beginning of the mission, 371 We 
after 7 years and 347 We after 10 years. The power requirements are 
generally below the capability of the RTGs except during the Titan 
encounters when the present project design shows a negative power margin. 
REFERENCE C A S S I N I  HISSION 
LAUNCH 3 / 1 5 / 9 5  
DRY S/C - 1301 
DELTA V - 2374 
6.8 YR T R I P  TO 
ON T I T A N  1V + 6 '  AT 28 (KM/SEC)* 
KG ( 1 5 4  S C I )  + 1 9 2  PROBE + 6 1  PROBE 
M/SEC (PRE PROBE RELEASEIJ  DELTA V 
INTERFACE EOUIPHENT 
- 393 (POST PROBE RELEASE) 
SATURN + 4 YRS I N  ORBIT,  11 YR TOTAL M I S S I O N  LENGTH 
BASELINE M I S S I O N  USES A DELTA V EJGA (EARTH AND JUPITER GRAVITY A S S I S T )  
TRAJECTORY AND HAS A 100 KG LAUNCH VEHICLE MARGIN 
UT6 POWER: 4 3 3 ~  BOMJ 3 7 1 ~  AT 7 YRSJ 3 4 7 ~  AT 10 YRS 
2) Sergeyevsky, A. B., Kerridge, S .  J. and Stetson, D. S . ,  "Cassini - A 
Mission to the Saturnian System", American Astronautical Society 
Paper # 87-423, Presented at the AAS/AIAA Astrodynamics 
Specialist Conference, Kalispell Montana; August 10 - 13, 1987. 
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ENCE &MI1 C W I N I  SP- 
This vugraph presents the reference MMII Cassini spacecraft, its 
components and its size. The main engine (400 N) is aligned along the z 
axis. The RTG boom is aligned with the X axis and the high precision scan 
platform and turntable booms are aligned with the Y axis of the spacecraft 
coordinate system. The high gain antenna has a diameter of 3.67 meters and 
is mounted such that its field of view is in the -2 direction. The Titan 
probe is the large circular object mounted on the -X side of the 
spacecraft. The high precision scan platform has two degrees of freedom 
i.e., rotation about the boom axis (Y axis) and rotation about an axis 
perpendicular to the Y axis. The cameras and many other sensitive science 
instruments are mounted on the high precision scan platform. During 
flight, the orientation of the spacecraft is such that the -Z axis points 
toward the Earth to enable communications via the high gain antenna. Due 
to the distance that the spacecraft will be from the Earth during most of 
the mission, the Earth and the Sun are in the same area of the sky. 
Basically the entire spacecraft must be shielded from the reactor 
radiation. Leaving aside the magnetometer boom, the largest dimension that 
must be shielded is the distance between the high precision scan platform 
and the turntable, 8.56 meters. The magnetometer boom may not need to be 
within the shielded volume because the magnetometer is probably not 
sensitive to radiation and it may be possible to locally spot shield its 
electronics. 
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ON OF DEPLOYER CONFI GURATI O N S  
This chart presents a comparison of the reference , and modified 
configuration of the MMII Cassini spacecraft. The drawings on the vugraph 
are very nearly the same scale. The shape and size of the RPS shown on the 
facing page is generic and is not meant to specifically represent a 1 kwe 
RPS for the Cassini mission. 
The approach taken in the spacecraft reconfiguration activity was to 
replace the RTGs with the Reactor Power System (RPS) and make no other 
changes to the baseline spacecraft except those that were required to 
accommodate the RPS or made possible by the increase in power available 
from the RPS. 
The RPS was assumed to have a mass of less than 1000 kg and an EOL power 
of at least 1 kwe which is approximately double the power required for the 
baseline spacecraft. This larger power was chosen in order to provide 
"power to burn" which conceptually simplifies the temperature control 
design for the spacecraft and also eliminates the need for the central 
heating system and the RHUS. In a qualitative sense, the major changes are 
as follows. 
The RTGs are removed and the Reactor Power System (RPS) is added. The 
RPS is placed on a boom which is attached to the spacecraft in the 
position that is currently occupied by the high gain antenna ( H G A ) .  
A smaller HGA is attached to a boom of similar size and attached to 
the spacecraft in a similar position as the RTG boom which was 
deleted. The HGA is articulated on the end of the boom by a one 
(possibly two) M)F gimbal and is pointed in a direction similar to 
that in which the original HGA pointed. 
Two additional X-band solid state amplifiers (XSSA)  are added to the 
RF subsystem in order to increase the RF power to retain the same 
effective isotropic radiated power (EIRP) and compensate for the 
smaller HGA. 
The power subsystem control and distribution equipment is enlarged in 
order to handle the additional power demand from the RF subsystem and 
temperature control subsystem and the larger capability of the RPS. 
All the radio-isotope heater units (RHUS) and the central heating 
system are replaced by electric heaters. 
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The boom concept used for this study was a scaled down version of a 
concept developed by the Lockheed Missiles and Space Company (reference 
3). The concept uses longerons that fold for storage and that snap into 
place during deployment. The boom is not designed to be stowed once it has 
been deployed. The basic truss structure uses a bay that has equal 
dimensions, 50 inches. The battens and longerons that make up the bay are 
made from aluminum tubes that are 50 inches long, 0.02 inch in wall 
thickness and 1.3 inches in diameter. The total mass estimate for a 16 
bay, 20 meter boom is 31.5 kg, which includes the longerons, battens, 
fittings and Kevlar diagonal cables. The mass estimate for the deployment 
mechanism is 13.15 kg, which includes a dual drive motor. The stowed 
length of the 20 m boom is 3.81 m. The lateral and torsional first modes 
of the boom/RPS/spacecraft system were estimated. Further details of the 
boom concept can be found in the appendix to this report. 
0 ALUMINUM 
0 20 M BOOM PLUS DEPLOYMENT 
EQUIPf'EdT: 45 KG 
RPS BOOM CONCEPT 
INTERFACE 7 STOWED 
DLPLOVYLNT 
CAGE (LOWER) 
U)NCERON JOINT 
LONGERON 
DEPUWWMT 
CAGE (UPPER) 
3)  "Interim Report for the Study for a Wrap-Rib Antenna Design", LMSC 
Report D-714653 for JPL Contract 955345, 7/17/81. 
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T AND ADAPTER CHANGES 
The net mass change in the spacecraft (before the addition of contingency) 
is a 72.26 kg reduction. The spacecraft mass reduction (-173.06 kg) is 
dominated by the deletion of the two RTGs and the central heating system 
and the smaller HGA. The largest item added to accommodate the RPS (not 
counting the RPS) is a 44.6 kg increase in the structure to handle the 
launch loads. Smaller additions include another hydrazine tank, electric 
heaters and controllers, HGA gimbal and driver, more power control and 
processing equipment and the two additional X band amplifiers. The total 
added spacecraft mass (not including the RPS) is 100.8 kg. The detailed 
changes to the spacecraft subsystems are listed in the appendix. 
The changes to the adapter are dominated by the addition of structure to 
handle the expected increase in launch loads and the deletion of equipment 
required to support the RTGs. 
SPACECRAFT AND ADAPTER CHANGES 
SPACECRAFT A D D I T I O N S :  HGA BOOM E Q U I P M E N T  
HGA G I M B A L  8 D R I V E R  
H E A T E R S '  AND CONTROL 
H Y D R A Z I N E  TANK 8 L I  
R F  A M P L I F I E R S  
PC 8 C EQUIPMENT 
STRUCTURE 
L E R S  
NES 
ADAPTER A D D I T I O N S :  STRUCTURE 
HGA SUPPORT 
SPACECRAFT D E L E T I O N S :  RTG BOOM EQUIPMENT 
R T G s  (MHW + GPHS) 
CENTRAL H E A T I N G  SYSTEM - 
58 R H U s  
HGA DECREASE 
H I S C  
12- 3 
8.9 
4.0 
7- 0 
12.0 
12.0 
44.6 
100.8 KG 
26.8 
2.3 
29.1 KG 
12-3 
93.28 
32 - 46 
4- 12 
28 60 
2.30 
173.06 KG 
ADAPTER D E L E T I O N S :  RTG SUPPORT 
RTG S H I E L D  
RTG C O O L I N G  
2.3 
15.0 
1.0 
73 
This chart presents a view of the MMII Cassini spacecraft with the RPS 
from the point of view of the RPS i.e., looking down the boom at the 
spacecraft. The small concentric circles that cover most of the propellant 
tanks represent the assumed size of the RPS. The dark circles are 6 and 10 
meters in diameter and represent the coverage of dose planes relative to 
the spacecraft equipment. It is clear that to completely shield the 
spacecraft, including the magnetometer, using circular dose planes 
(shields with circular cross sections), would require a dose plane between 
16 and 18 meters in diameter. It is also clear that circular dose planes 
(shields) are not required. A shield that was shaped to shield only the 
required outline of the spacecraft can be smaller and presumably much 
lighter than a full shield with a circular cross section. 
For this example, it appears that the shield geometry that would provide a 
6 m circular dose plane could be re-arranged to shield the two instrument 
platforms, and that a 10 m dose plane may not be required. The 
magnetometer and magnetometer boom is a difficult case due to its length. 
However, it is not clear that the magnetometer is sensitive to radiation. 
Even if the magnetometer and its boom need to be shielded, a shaped shield 
at the reactor may be feasible or the magnetometer may be able to be 
relocated so that it does not extend out so far in a direction 
perpendicular to the RPS boom. 
JPL DOSE PLANE DIAMETERS 
COMPARISON OF STOWED CONFIGURATI ONS 
This chart compares the reference and the modified launch configuration 
for the MMII Cassini spacecraft. The drawings are to the same scale. The 
launch vehicle is the Titan IV and a Centaur G *  upper stage. The 
spacecraft is mounted on the adapter which is connected to the Centaur. 
The Titan launch shroud comes in standard 10 ft sections. One additional 
10 ft. section has been added in order to accommodate the spacecraft with 
the RPS. The launch vehicle performance decrease, due to the addition of 
this extra shroud section, was not taken into account. The adapter mass 
has been increased by 26.8 kg relative to the reference case in order to 
handle the larger bending moments expected during launch. Larger bending 
moments are expected due to the RPS being very massive and being several 
meters removed from the adapter, which must accommodate the loads caused 
by the bending moments. 
The Cassini spacecraft with the RPS may be close to the structural 
capability of the Titan IV/Centaur G' combination and may require the 
launch vehicle structure to be strengthened. However, only an assessment 
by the launch vehicle contractors can determine the changes (if any) that 
are required. Such an assessment was outside the scope of this study. 
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PRY S P A C W  MASS CO- 
This chart presents the dry mass summary for both the reference and the 
modified MMII Cassini spacecraft. The reference spacecraft mass summary 
was taken from the MMII mass and power report Y 1 4 ,  2/29/87. The addition 
of the R P S  allowed a 72.26  kg reduction in the spacecraft mass before the 
addition of the R P S .  The R P S  shall include the boom that connects to the 
spacecraft. 
The modified spacecraft mass contingency was increased to 25% to 
accommodate items that have not been identified as being necessary to the 
R P S  integration. Note that the modified spacecraft does not have an RTG 
shield but does have double the capacity for hydrazine compared to the 
reference design. The RTG shield shown is meant to be a blast shield to 
reduce the risk of plutonium contamination in the event of a launch 
accident. The RTG shield has been eliminated from the most recent Cassini 
baseline and was not carried to the injection energy in any case. 
JPL DRY SPACECRAFT AASS COMPARI SON 
TOTAL SPACECRAFT REFERENCE TOTAL SPACECRAFT WITH RYS 
1085.3 JPL Drv Spacecraft 1013.06 t HPS 
30.4 Probe Contingency 3 0 . 4  
148.3 Launch Adapter 159.05 
41.7 Adapter Contingency 44.53 
1915.70 Allocated Dry Launch Mass 1723.51 + RPS 
- ~ - --- 
(30.00 Usable APS Propellant 60.00) 
* RTO shield not carried to injection energy 
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JtPS POWER REQVIREMENTS 
This chart presents the power requirements that the RPS must meet for the 
Cassini mission using a MMII spacecraft modified to include a small RPS. 
The power for heaters has been separately defined since it was provided by 
the central heating system (waste RTG heat) in the reference case and was 
assumed to be supplied by electric power from the RPS. The duration of the 
cruise phase is dependent on the mass of the RPS, where the reference is 
6.8 years. The two science states bound the power requirements while in 
orbit around Saturn. In actuality, the spacecraft would be in many more 
power states for much shorter durations that shown on the chart. However, 
in terms of energy consumption the chart is quite conservative. 
This information was used in determining the radiation dose from the RPS 
under the assumption that the RPS would not operate at 1 W e  continuously, 
but rather would throttle down to more nearly match the power requirement 
of the spacecraft. Since radiation dose is directly related to the reactor 
operating power, by throttling the reactor the radiation dose is reduced. 
A 1 KWe RPS always has the capability of meeting the peak power demands of 
the spacecraft and the RPS does detailed load following via power shunts 
not by reactor throttling. 
The power profile shown on this chart will reduce the radiation dose for a 
7, 8, and 9 year cruise duration missions to 70, 76 and 8 2 9  respectively 
of the dose that would have been accumulated if the RPS would have 
operated at 1 KWe continuously for 10 years. 
JPL 
SPACECRAFT 
LOADS 
ENGI  NEER I NG 
SCIENCE 
HEATERS 
C R U I S E  
7-10 YRS 
218 
68 
298 
584 W E  
RPS POWER REQUIREMENTS 
MISSION P HASE 
SCIENCE #I 
2 YRS 
351 
156 
- 298 
805 
SCIENCE #2 
2 YRS 
259 
104 
- 298 
661 
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This chart lists the three primary technical challenges that must be 
overcome in order to successfully integrate a RPS onto the Cassini 
spacecraft and mission. Each of these challenges will be addressed on 
subsequent vugraphs. 
All of these issues can, and must, be considered separately but they are 
also all interrelated. First is controllability. Can the spacecraft meet 
its pointing, stability and turning requirements with the RPS on a long 
boom? Second, will the mass of the RPS be such that the trip time penalty 
is acceptable? Last, will the spacecraft be able to accommodate the 
radiation environment that the RPS will impose? 
JPL T E C H N I C A L  SUMMARY 
o R E A C T O R  I N T E G R A T I O N  ON C A S S I N I  S P A C E C R A F T  -- 3 K E Y  C O N S I D E R A T I O N S  
1) C O N T R O L A B I L I T Y :  
2 )  M A S S :  
3 )  R A D I A T I O N :  
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This chart summarizes what was a thorough analysis at the conceptual 
level. The basis conclusion 1s that, given the level of depth that the 
resources of this study allowed, no show stoppers were idenFified in the 
controllability area. Several concerns were identified that could be 
serious, but further analysis is required before the concerns can be 
quantified. 
The controllability analysis used two RPS/spacecraft configurations: 1) a 
1000 kg RPS on a 20 m boom and 2) a 500 kg RPS on a 5 m boom. The 
spacecraft capabilities, requirements and the miasion duration were the 
same as the reference. Moments of inertias and the center of mass were 
calculated. The 20 m boom had an estimated mass of 45 kg and a first beam 
bending mode frequency 0.2 Hz. 
Solar pressure disturbance torques were estimated at 1 AU (Earth) and 9.5 
AU (Saturn). Gravity gradient disturbance torques were estimated at both 6 
and 50 Saturn radii. The possible disturbance torque generated by a RPS 
radiator imbalance was estimated. The radiator torque can be generated by 
having more radiant flux being emitted from one "side" of the radiator 
than other sides. This torque can be as large as other disturbance 
torques, and its magnitude was estimated by assuming that there was a 1 to 
5 %  radial imbalance af the heat radiated by the radiator. 
Spacecraft turns were analyzed by assuming that there would be 15 turns 
during cruise and 100 while in orbit ebout Saturn. The turn angle was 
assumed to follow a uniform distribution between 0 and 180 degrees. 
Assuming that the turn rate was limited to 1 mrad/sec, the time t o  turn 90 
and 180 degrees was 40 and 80 minutes respectively. The specific impulse 
of the.uttitude control system thrusters was 200 secs. 
The c,alculated hydrazine propellant requirements for the 1000 kg RPS on a 
20 m boom are as follows. Solar pressure, gravity gradient and RPS 
radirrtor irbalance (assuming a 1% imbalance) torques require 18, 4 and 3.7 
kg xespectively. Limit cycling with a 0.2 degree deadband and a rate of 
0.15 micro-radian per sec requires 3.9 kg. The spacecraft turns described 
above require 19 kg. The total hydrazine propellant requirement plus a 5 0 %  
contingency is 73 kg and 33.7 kg for the 500 kg RPS on a 5 m boom. 
The RPS confuguration is expected to degrade the pointing stability of the 
high preciuion scan platform by about one microradian over 0.5 seconds, 
which is negligible compared to the 12 microradian over 0.5 seconds 
requirement. 
The two areas of concern that require further study are as follows. 
Because the main engine gimbal controller bandwidth is about 1.0 Hz and 
the first boom bending frequency is about 0.2 Hz, the boom flexibility may 
drive the main engine thrust vector control unstable. Slosh in the 
propellant tanks may be more of a problem because the distance from the 
propellant tanks to the center of mass is greater than with the reference 
configuration. 
A Complete rOpOrt Of this 8nalyEiE i 8  included in the appendix to this 
document. 
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CONTROLLABIL ITY  
ASSUMPTIONS: 
0 1000 KG RPS ON A 20 M BOOM (BOOM MASS 45 KG) 
0 "VERY S T I F F "  BOOM 
0 B A S E L I N E  C A S S I N I  SPACECRAFT C A P A B I L I T I E S  AND REQUIREMENTS 
ANALYSIS :  
0 DISTURBANCE TORQUES: SOLAR PRESSURE, GRAVITY GRADIENT AND REACTOR HEAT 
0 SPACECRAFT TURNS AND DELTA V MANEUVERS CONSIDERED 
REJECTION 
RESULTS : 
0 73 KG OF ACS PROPELLANT REQUIRED COMPARED TO B A S E L I N E  OF 30 KG 
0 A L L  B A S E L I N E  REQUIREMENTS CONCEPTUALLY MET 
0 LARGEST CONCERN IS BOOR F L E X I B I L I T Y  DURING M A I N  ENGINE BURN (POTENTIAL  TO 
D R I V E  S/C UNSTABLE) 
. 
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I CA SSINI NEP TeaJECT ORY PARAMETERS 
This chart presents a list of the parameters that were involved in the 
calculation of NEP trajectories for this study. With only about 15% of the 
study resources available, this subtask could not thoroughly analyze all 
of these parameters. 
The launch vehicle was constrained to the Titan IV and Centaur G ' .  A z o o  
kg adapter was assumed and trajectories were run assuming a zero launch 
vehicle margin. The goal was to duplicate the reference trajectory i . e . ,  
Earth-Jupiter gravity assist and also look at other types of trajectories 
i.e., EGA (Earth gravity assist), VEEGA (Venus-Earth-Earth gravity 
assist), VEJGA (Venus-Earth-Jupiter gravity assist) and VEEJGA (Venus- 
Earth-Earth-Jupiter gravity assist). However it proved impractical to 
study trajectories other than the simplest, Direct. Direct trajectories go 
"directg9 from Earth to Saturn without any intermediate gravity assists. 
Direct trajectories require more energy but are preferable because they 
are not constrained to a certain arrangement of planets which may occur 
infrequently. Direct trajectories to Saturn are available every year while 
delta V EJGAs are available only 3 years out of 2 0 .  All other parameters 
being equal, a direct trajectory would be selected for a mission. A direct 
trajectory was not selected for the reference mission because the launch 
vehicle combination has insufficient energy. However, with NEP, direct 
trajectories are possible. 
The modified Cassini spacecraft mass of 1013 kg was used as the starting 
point. The bi-propellant propulsion subsystem (170 kg) was subtracted and 
a 2 5 9  contingency was added. The probe and probe interface equipment and 
contingencies were added as was done for task # I .  Sixty kilograms of 
hydrazine and 4 0  kg of Xenon were assumed to be carried into Saturn orbit. 
The spacecraft mass that was inserted into Saturn orbit was 1407 kg, not 
including the NEP subsystem. It was assumed that the NEP system would 
manuever the spacecraft in orbit around Saturn. Forty kilograms of Xenon 
were allocated for these manuevers ( 4 0 0  m/sec). 
The inputs to the trajectory calculations were the flight time, the launch 
vehicle characteristics and the "jet power" of the NEP system. Flight time 
is measured form the end of the Centaur injection burn at Earth until the 
spacecraft is placed into a 90 day orbit at Saturn via a spiral capture 
orbit. The trajectory software optimized the specific impulse and the 
injected mass to give the largest final mass in orbit at Saturn. The "burn 
time" of the NEP system and the mass of Xenon propellant were results of 
the calculations. The spacecraft final mass of 1407 kg, the prOjeCtiOnS 
for the mass of the electric propulsion subsystem and the Xenon mass were 
subtracted from the final mass calculated from the trajectory analysis to 
determine the allowable mass for the RPS. 
JPL M I 1  CASSINI DELTA V EJ6A TRAJECTORY PARANETERS 
0 LAUNCH YEAR --- THREE ANNUAL OPPORTUNITIES EVERY 20 YEARS , I * € * ,  '75,  '76,  '77 
AND '95, '96,  '97 
0 LAUNCH VEHICLE --- TITAN I V  AND CENTAUR 6 '  
0 SPACECRAFT HASS --- RPS HASS (PARMETER) 
SPACECRAFT PROPULSIOH ISP --- RECENT CHANGE OF MI 
0 FLIGHT TIME --- (INDEPENDENT VARIABLE) 
0 LAUNCH VEHICLE MARGIN --- (DEPENDENT VARIABLE N U S ~  
BASELINE FRO\ 308 TO 326 SEC 
BE POSITIVE) 
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This chart presents a sample of the results of the trajectory analysis. 
The RPS mass for this chart is 600 kg. The chart presents flight time 
versus launch vehicle margin for four combinations of launch year and 
propulsion system specific impulse i.e., 1)  1996 and 308 sec, 2)  1997 and 
308 sec, 3) 1996 and 326 sec and 4) 1995 and 326 sec. The chart shows that 
‘96 is better than I 9 5  which is better than #97, although, after the 
launch vehicle margin goes positive, the difference between ‘95 and ‘96 
becomes small. The advantage of the 326 sec. Isp compared to the 308 sec. 
is clear and continuous over flight time. Finally, this chart demonstrates 
the trip time penalty created by the addition of a heavy RPS compared to 
the reference. Even the best case from this chart ( # 9 6 ,  326 sec) has a 
trip time of 7.6 years (100 kg launch vehicle margin) compared to the 
reference of 6.8 yeara (0.8 year trip time penalty). The ‘95 and 308 case 
requires 8.4 years, a 1 . 6  year trip time penalty. 
The results shown on this chart and on the charts to follow show small 
variations about a clear trend. These small variations are due to ‘lnoiseo1 
in the trajectory calculations and no significance should be attached to 
them. The %oisen is caused in part by the nature of the calculations, 
which is a search for a local optimum in a large multi-dimensional 
parameter space. 
The complete set of trajectory calculations can be found in the appendix 
to this report. 
JPL CASSINI DELTA V EJGA. TITAN IV + G’ 
0.3 4 - 1 .b- & I 
A 1996, 326 S 
I----- -r- - - -- T--- - -. -! -I- -- - - ‘ - - ~ -  
7 8 9 
FUGHT TIME, YEARS 
0 1997, 308 s + 1996, 308 s 0 1995, 308 s 
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This chart presents the best case results i . e . ,  for a propulsion system 
Isp of 326 sec. and a launch in 1996. Three values of RPS mass are shown. 
It is important to remember that the RPS masses shown are ALLOCATIONS. The 
mission flight time will be as shown if the RPS mass is as allocated. 
j p ~  CASSINI DELTA V EJGA. TITAN IV + G' 
LAUNCH YEAR = 1996, 326 SEC 
0.8 
0.6 
0.4 
0.2 
0 
-0.2 
-0.4 
-0.6 
-0.8 
-1 
-1.2 
-1.4 
-1.6 
-1.8 
-2 
-2.2 
-2.4 
-2.6 -r I I I ---1--1 
6 7 0 9 
+ 450 KG RPS 
FUGHT TIME, YEARS 
0 750 KG RPS A 600 KG RPS 
84 
SUMMARY OF ALL RE SULTS 
This chart presents a summary of all the results. The trip times for the 
Cassini mission with a RPS added to the spacecraft are shown for all 
launch years and both values of specific impulse. Note that the launch 
vehicle margin is 100 kg in all cases. For some cases the flight time was 
longer than 9.5 years which is where the trajectory calculations ended. 
SUMMARY OF ALL RESULTS 
0 REFERENCE CASE:  LAUNCH YEAR 1995, LAUNCH V E H I C L E  MARGIN 100 K G  
6.8 YEAR F L I G H T  T I M E ,  PROPULSION SYSTEM ISP = 308 S 
0 RPS FLIGHT T I M E  RESULTS,  LAUNCH V E H I C L E  MARGIN 100 K G  
P R O P U L S I O N  SYSTEM ISP = 308 
LAUNCH RPS 450 KG 
YEAR MASS 
600 
95 7.7 YEARS 8-4 
96 7.5 8-1 
97 >9.5 >9.5 
95 
96 
97 
P R O P U L S I O N  SYSTEM ISP = 326 
450 600 
7.5 8-0 
7 - 1  7-6 
8- 8 >9.5 
75 0 
>9.5 
>9.5 
>9.5 
750 
9 . 1  
9 . 1  
>9.5 
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PLIGHT TIME SUMMARY 
This chart presents a summary of the trajectory results in the form of 
flight time versus RPS mass for the only launch years of interest and for 
both values of specific impulse. Note that these results are for a 100 kg 
launch vehicle margin i.e., the same as the reference case. 
Reduction in the mass of the RPS below the 400 to 500 kg range has little 
effect on the flight time, although a RPS with zero mass should provide 
the same flight time as the reference case. It appears that the minimum 
flight time penalty for the reference conditions i.e., 1995 and 308 
seconds, is about one year (7.8 year flight time). A 7 . 8  year flight time 
(1 yr penalty) , allows a RPS mass of between about 450 and 650 kg. A 8 . 8  
year flight time ( 2  yr penalty) , allows a RPS mass of between about 630 
and 730 kg. 
j p ~  CASSINI + RPS, FLfGHT TIME SUMMARY 
12 
1 1  - 
In 10 - 
[I: 
6 
7 -  
6 -  
TITAN IV+G’, DV EJGA. 100 KG LV MARGIN 
‘I 
SYHBOL KEY I SP LAUNCH YEAR 
0 
A 
0 
-t 
30 8 
308 
326 
326 
95 
96 
96 
95 
.-  
-- *--- 
400 500 600 
RPS MASS. KG 
700 800 
JUDIATION 
Because the MMII spacecraft radiation specification has been estimated on 
the basis of ONLY the natural environment and because the radiation dose 
imposed by the R P S  cannot practically be made zero; the MMII spacecraft 
could not accommodate a R P S  unless its radiation specification was changed 
to allow some contribution from the R P S .  The same could be said for any 
planetary spacecraft, or for that matter, any spacecraft that has had its 
radiation specification created only on the basis of the natural 
environment. 
The magnitude of the increase in the spacecraft radiation specification is 
dependent on the margin in the original specification, the mass vs. dose 
vs. distance relationship of the R P S  and finally on the mass allocation 
that the mission can give to the R P S .  
Any increase in the radiation specification for the spacecraft will have 
an adverse cost, schedule and performance impact. The magnitudes of these 
impacts will depend on how far along in the design cycle the spacecraft is 
when the increase in radiation specification is made and the magnitude of 
the change relative to the original specification. 
R A D I A T I O N  
A RPS IS NOT COMPATIBLE WITH THE MMI SPACECRAFT 
WITHOUT AN INCREASE I N  THE M M I I  R A D I A T I O N  SPEC 
0 THE MAGNITUDE OF THE REQUIRED INCREASE I S  DEPENDENT UPON THE MASS v s  DOSE 
R E L A T I O N S H I P  OF THE RPS AND THE SEPARATION DISTANCE BETWEEN THE RPS AND THE S/C 
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BoJECl'ED REACTOR POWER SYSTEM MASS 
This chart presents the RPS mass projections provided by Harvey Bloomfield 
of NASA LeRC. The projections include the mass of the reactor, shield, 
heat transport, conversion, power conditioning, structure and radiator 
subsystems. The mass of the 5, 10 or 20 m boom to connect the RPS to the 
spacecraft is NOT included in these projections. The projections shown on 
this chart are for a RPS that produces 1 KWe for 10 years using thermo- 
electric converters at an overall efficiency of 5 8 .  The mass of a 20 KWth 
reactor was 220 kg. The shield is made of tungsten (for the gammas) and 
Lithium-Hydride (for the neutrons). The projections were made for three 
dose levels: 1) 7.5 krad and 1.5 Ell NVT, 75 krad and 1.5 E12 NVT and 300 
krad and 6 E12 NVT. 
All the projections, including those for a 5 m boom as well as other 
details, can be found in the appendix to this report. 
JpL PROJECTED REACTOR POWER SYSTEM MASS 
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MISS1 ON MASS ALLQCATI ONS VS RPS PR OJECTIO NS 
0.5 - 
0.4 - 
0.3 -, 
This chart compares the results of the trajectory calculation in terms of 
the allowable RPS as a function of flight time, to the 1 W e  RPS mass 
projections as a function of boom length, dose plane diameter and dose. 
For a given RPS mass there is a range of flight times due to the 
dependence of flight time on the launch year where the shortest flight 
time is for a mission launched in 1996. Fundamentally, this chart shows 
that the allocations for RPS mass for a Ilshort" flight time penalty (about 
1 year) trajectory are consistent with the RPS mass projections in the 400 
to 500 kg range. This situation is made possible by a 20 m boom and a 6 m 
dose plane and a radiation dose around 75 krad and 1.5 E12 NVT. Note, that 
with reactor throttling, the dose can be reduced to between 70 and 80% of 
the values mentioned in the previous sentence. Shaped shields and local 
spot shielding may also be able to reduce the mass of the RPS. 
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SUBTASK 11 SUMMARY 
TO THE EXTENT THAT THE RESOURCES OF THIS STUDY ALLOWED, no 'Ishow stoppers" 
were found. Further analysis, especially in the areas of controllability 
and the accommodation of the RPS radiation dose, is required in order to 
verify the compatibility of an RPS and a planetary spacecraft. 
Several of the spacecraft subsystems are impacted by the addition of the 
RPS. A heavier spacecraft structure is required to support the R P S  for the 
launch loads. The telecommunications subsystem was required to be changed 
to use a smaller high gain antenna. The same data rate was supported by 
increasing the RF output power of the subsystem. While almost two thirds 
of the power subsystem mass were eliminated (the RTGs), the power control 
and distribution equipment was doubled in order to handle the increase in 
power demand from the telecommunications and temperature control 
subsystems. The attitude and articulation subsystem requires the addition 
of the gimbal and gimbal drivers for the HGA. AACS also will have the 
largest and least well defined changes to the software of any subsystem. 
AACS is also the subsystem where further study may identify "show 
stoppers" or at least reasons why a 2 0  m boom is not acceptable. The 
temperature control subsystem design philosophy will be changed from one 
of trying at all costs to minimize heat leaks to conserve power, to one of 
designing a ooleakyoo spacecraft and using the large excess of power from 
the RPS to make up heat losses. 
The reliability of the spacecraft will be more costly to ensure due to the 
longer flight time and the additional radiation dose created by the 
addition of the RPS. While most of the impact to the spacecraft is 
negative, the philosophy change in the temperature control subsystem, the 
elimination of all the plutonium isotope and the excess power provided by 
the addition of the RPS will make the spacecraft design and operation 
easier. 
SUBTASK #1 SUMMARY 
JPL 
CAN A SMALL RPS BE.COMPATIBLE W I T H  THE M M I l  C A S S I N I  SPACECRAFT AND MISSION? 
e ALTHOUGH NO "SHOW STOPPERS'' WERE FOUND I N  THE AREAS OF SPACECRAFT CONFIGURATION AND 
C O N T R O L L A B I L I T Y  AND R A D I A T I O N  DOSE ACCOMMODATION SHOULD BE STRESSED I N  FUTURE S T U D I E S .  
C O N T R O L L A B I L I T Y ,  FURTHER STUDY IS  R E Q U I R E D  T O  V E R I F Y  C O M P A T I B I L I T Y  - THE AREAS OF 
GENERALLY, THE LONGER F L I G H T  T I M E  AND THE INCREASE I N  R A D I A T I O N  DOSE AND 
TYPE WILL MAKE THE R E L I A B I L I T Y  OF THE SPACECRAFT MORE D I F F I C U L T  TO ENSURE 
THE E L I M I N A T I O N  OF THE PLUTONIUM ISOTOPE AND THE A D D I T I O N  OF "POWER TO BURN" 
WILL MAKE THE SPACECRAFT DESIGN AND OPERATION E A S I E R  
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SUBTASK 11. SUMMARY (continued) 
While no configuration or controllability "show stoppers" were found, the 
integration of a RPS onto the MMII spacecraft will cause a trip time 
penalty. The figures on previous pages of this package have quantified the 
trip time penalty as a function of the mass of the RPS. Relative to the 
reference Cassini mission with a 6.8 year flight time, launched in '95 
using a propulsion system with 308 seconds, a 500 kg RPS causes a trip 
time penalty of about 1.1 years. If launched in 1996 using a 326 sec. 
propulsion system, a 500 kg RPS causes a trip time penalty of only about 
0.5 year. 
The natural environment on the Cassini mission uses most if not all of the 
MMII radiation specification allocation. Therefore the RPS can not be 
compatible with the MMII spacecraft unless an allocation for RPS radiation 
is added. The current MMII radiation specification is for 7.5 krad and 
2.7E10 NVT. The RPS mass projections show that the mass of a 1 W e  RPS 
producing 75 krad and 1.5 E12 NVT on a 20 m boom can be in the 450  to 600 
kg range. The Galileo spacecraft radiation specification was for 75 krad 
and 2.5E10 NVT. Therefore, if the MMII radiation specification was changed 
to accommodate about 75 krad and 1.5E12 NVT from the RPS, the projected 
mass of a RPS would be such that the trip time penalty for the Cassini 
mission would be about 1 year. While a 1 year trip time penalty plus an 
increase in the MMII radiation specification by at least a factor of ten 
indicates that a RPS is NOT compatible with the reference MMII Cassini 
mission and spacecraft, it is conceivable that such a spacecraft could be 
built and the mission could be flown. 
JPL SUB'TASK #1 SUMMARY (CONTINUED) 
CAN A SMALL RPS BE COMPATIBLE W I T H  THE M M I I  C A S S I N I  SPACECRAFT AND M I S S I O N ?  
0 THE A D D I T I O N  OF THE RPS CAUSES A T R I P  T I M E  P E N A L T Y -  
500 KG CAUSES A T R I P  T I N E  P E N A L T Y  BETWEEN 0.5 AND 1 - 1  YR 
A RPS W I T H  A MASS OF ABOUT OF 
0 A RPS IS NOT COMPATIBLE W I T H  PLANETARY SPACECRAFT UNLESS AN A L L O C A T I O N  FOR R P S  
R A D I A T I O N  I S  ADDED TO THE SPACECRAFT R A D I A T I O N  S P E C I F I C A T I O N  
0 THE MASS OF A 1 KWE RPS PRODUCING ABOUT 75 KRAD AT 20 M CAN BE CLOSE TO 500 K G  
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TASK #2 
The objective of this task was to determine the lowest power Nuclear 
Electric Propulsion system that could eliminate the trip time penalty 
(imposed by the addition of the RPS) for the Cassini mission. This task 
was performed in a parametric manner such that the utility of NEP systems 
above and below the power level needed just to match the reference mission 
would be described. This task started with a review of the NEP spacecraft 
configuration that was developed by the SP-100 program in 1985. 
ASSESS THE U T I L I T Y  OF A "LOW POWER" NEP SYSTEM FOR THE M M I I  C A S S I N I  M I S S I O N  
This spacecraft configuration was created during 1954-85 and is discussed 
in more detail in reference 4. The current study performed a brief review 
of this configuration. The findings of this review are as follows. The 
payload module shown in the chart is a generic planetary spacecraft and is 
not the MMII Cassini spacecraft. The probe is missing from the 
configuration and would need to be added near to the center of mass of the 
entire configuration i.e., on the thrust module. An inertial measurement 
package containing gyros and accelerometers would have to be added to the 
thrust module. While the concept shown uses hydrazine thrusters as the 
only control actuators, momentum wheels placed in the thrust module may 
also be required. 
NEP SPACECRAFT CONFIGURATION 
JPL (SP-100 HERITAGE) 
I 
\ 
4) Jones, R. M., llSP-lOO Planetary Mission/System Preliminary Design 
Study, Final Reportt1, Jet Propulsion Laborarory Document D-2544, June 
1986. 
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The JPL electric propulsion group recommended the use of an Xenon ion 
thruster system for this study. Ion thrusters were selected on the basis 
of their long life time, their relatively well developed status and the 
knowledge that they could meet the mission requirements. Xenon is now the 
propellant that the ion thruster technologists are working with, having 
replaced mercury for several reasons including: 1) safety (both during 
development and for launch), 2) a simpler thruster propellant flow 
controller compared to mercury and 3) Xenon gives comparable performance 
to mercury. 
A computer model of a Xenon ion thruster propulsion system was used to 
generate the mass and performance values used in this study. The model 
uses ion thruster technology that is based upon the circa ' 7 0  mercury J 
series ion thrusters that were proposed to be used on the SEPS comet 
rendezvous project. The operation of these thrusters has been demonstrated 
at higher thrust densities and on Xenon. A typical output of this model is 
shown below. 
1WU7 rLUJ(ltina : (40.000 hourol ??U uoo ( k g )  - 1 1 . 0  
sp.Ciric I O ~ U I O O  i 0 - C )  - Y J ~ O  I ? U  opoclflc YO. lkgIkU) - 11.81 
Input p r  1kW)  - 1 . 2  thorul control MOO por I ? U  Ikg)  - a . 4  
Inglno d l u o t o r  ( c r )  - 10 Intorloco 8odulo roo. ( k g l  - O . a  
DISOLTS : Lnglno Input power IkWI - Y . Y l  - a . 0 0  rlIu8b.r or onglnoo - I 1  Dwoo current ( 1 1  
IIuDbOr of oprr8tlng onglnoo - 3  Boor voltogo I V )  - 4 9 4 . z  
W w k r  ol ??Urn - 4  Inglno thruot ( U t  - 0.1IJ 
*?ropulolon OyOt.8 8800 (kgl - J98.0 Dlochmrgo current ( A )  - 10.4 
*Iropulolon myator opoclflc YO* IkgglW) - 8B.03 toto1 voltogo I V )  - aooo.0 
Iropulolon oyotor  olllcloncy - 0.00 Voltogo rotlo. I - 0 . a J  
??U ofllclonc~ - 0 . w  W u 8 b e . r  o t  onglnoo hoe boon trlpld t o  elvo tho 48 .000  b u r  
Inglne ofllcloncy - 0 . 0 3  111. t l u  m n 4  then Jncrooood Z8W lor rulwdoncy. 
I n g l ~  moo l kg )  10.0 tncludoo L O W  contlngoncy. 
01ob.I -00 lkgl - 9 . 4  
The input parameters are power, specific impulse and required lifetime (in 
increments of 15,000 hrs.). The input parameters all come from the 
trajectory analysis that optimizes specific impulse and flight time or 
power with respect to final mass for the NEP trajectory. The model 
includes mass for: 1) thrusters, 2) gimbals, 3) power processor units 
(PPUs), 4) radiators, 5) structure, 6) etc. A 15% contingency is added to 
the mass. The number of thrusters required to meet the mission lifetime is 
increased by 25% as another contingency factor. 
This study assumed that the Xenon propellant would be stored as a high 
supercritical fluid which is the most easily implemented method of storage 
but also has a high mass penalty. The tankage fraction used in this study 
was 30 kg plus 2 9 t  of the propellant mass. This tankage fraction includes 
a 10% contingency factor. For some of the trajectories where the Xenon 
mass is on the order of 3000 kg, the Xenon tank can be as massive as the 
entire remainder of the propulsion subsystem i.e., 900 kg. This high 
tankage fraction could be significantly reduced by storing the Xenon as a 
cryogenic liquid at about 165 K. In order to maintain this temperature a 
refrigerator would be required. The technology for long life cryogenic 
ref rigerators has been demonstrated at JPL using a Joule Thompson cycle 
and no moving parts. 
The complete results of the ion thruster system mass modelling are 
contained in the appendix to this report. 
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E L E C T R I C  PROPULSION 
30 CM,  XENON I O N  THRUSTER TECHNOLOGY 
15000 HR THRUSTER L I F E T I M E ;  PLUS 25% CONTINGENCY ON NUMBER OF THRUSTERS 
@ 2270 5 I S P  6430 SECS,  9 - 3  5 P E  5 27.6 K W E  
a PROPULSiOFd SUBSYSTEM MASS I N C L U D E S ,  THRUSTERS,  G IMBALS,  POWER PROCESSORS, 
R A D I A T G R S ,  STRUCTURE, ETC. ,  PLUS A 15% CONTINGENCY:  MASS RANGE 370 TO 1000 K G  
XENON STORED AS A H I G H  PRESSURE GAS, LARGE TANKAGE F R A C T I O N ,  30 K G  + 29% 
PLUS 10% CONTINGENCY;  MASS RANGE 500 TO 1050 KG 
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PiMI I CASSINI DELTA V EJGA TRAJECT ORY PARAMETE RS 
I .  
This chart present the parameters that were considered when calculating 
the trajectories for this study. The trajectories enable the trip time and 
RPS mass relationship to be quantitatively described. The reference 
Cassini mission uses a delta V Earth-Jupiter Gravity Assist trajectory 
where,the spacecraft is launched, performs a deep space delta V burn, 
returns to the Earth for a gravity assist, then travels past Jupiter f o r  
another gravity assist and finally arrives at Saturn. Earth-Jupiter 
gravity assist trajectories are only available for three years out of 
approximately every 20. The last opportunities were in 1975-1977 when the 
Voyager spacecraft were launched. The next set of opportunities is in 
1995-1997. Within those years 1996 is the most favorable, followed by 1995 
and then 1997. 
The launch vehicle for this study was constrained to be the same as the 
reference mission i.e., the Titan IV and a Centaur G '  upper stage. The 
Titan IV+G' will be the most capable launch vehicle combination in the 
world except for the new Soviet booster. The Titan IV+G' combination is 
being developed by the USAF. 
The injected mass (wet spacecraft plus RPS) is required for the trajectory 
analysis. The injected mass is a function of the propellant which is a 
function of the flight time. The flight time was the dependent variable 
for this analysis, therefore a scaling equation is required to relate 
propellant mass to injected mass. The scaling equation used in this study 
is shown below. 
Injected Mass = Msc + Mp + 313 + adapter 
Mp = Loaded bi-propellant 
Msc = RPS + 978.8 + .0653*Mpu + .1255*Mpu**2/3 + 7.272*Mpu**1/3 
Mpu = useable bi-propellant (97.3% of loaded bi-propellant) 
313 = 60 (hydrazine) + 61 (probe I / F )  + 192 (probe) 
Adapter = 203.58 kg 
The MMII program has recently changed the specific impulse of the 
spacecraft propulsion system from 308 sec to 326 sec based upon a 
technology development program that has been going on at JPL for many 
years. However, the reference Cassini mission has not yet been updated to 
the new Isp; therefore, this study used both values of Isp. 
In summary, this study calculated delta V EJGA trajectories for the 
Cassini mission and spacecraft modified with a RPS. The independent 
variable was flight time. The dependent variable was the launch vehicle 
margin (which must be positive for a viable mission). RPS mass, Isp and 
year of launch were parameters. These trajectories were compared to the 
reference case that has a 6.8 year flight time, 100 kg of launch vehicle 
margin and used a 308 sec propulsion system launched in 1995. 
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M M I I  C A S S I N I  NEP TRAJECTORY PARAMETERS JPC 
1) 
2 )  
3 )  
4 )  
5 )  
6 )  
7 )  
8) 
9) 
1 0 )  
L A U N C H  V E H I C L E / I N J E C T E D  MASS --- T I T A N  1 V  AND CENTAUR G '  
TRAJECTORY --- D I R E C T ,  EGA, EJGA,  VEEGA, VEJGA,  VEEJGA 
P A Y L O A D  --- C A S S I N I  SPACECRAFT 
POST I N S E R T I O N  M I S S I O N  --- 4 YEARS I N  O R B I T  AROUND SATURN 
I N J E C T I O N  E N E R G Y / I N J E C T E D  MASS --- OPT IN I Z E D  
E L E C T R I C  POWER L E V E L  ---  (INDEPENDENT VARIABLE) 
SPEC I F  I C  I M P U L S E  --- O P T I M I Z E D  
F L I G H T  T I M E  --- (INDEPENDENT VARIABLE) 
BURN T I M E  --- (DEPENDENT VARIABLE) 
E L E C T R I C  P R O P U L S I O N  SYSTEM TYPE, PROPELLANT,  TECHNOLOGY L E V E L ,  E F F I C I E N C Y  - - -  
J P L  P R O J E C T I O N S  
11) RPS M A S S  --- (DEPENDENT VARIABLE) 
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C A S S I N I  NEP DIRECT TRAJECTORY RESULTS 
This chart presents the results of the trajectory calculations in terms of 
the allowable RPS mass as of function of flight time for different NEP 
power levels. The three lines of results are for 6.54, 10 and 20 kw jet 
power levels. The electric power levels (in units of kilowatts) are shown 
above each data point. The electric power levels vary with trip time for a 
given jet power because the specific impulse optimized at a different 
value for each trip time. A different specific impulse means a different 
propulsion system efficiency and required input power for each flight 
time . 
An example data point shows that for a 6 year trip time, the allowable RPS 
mass is 800 kg and the required RPS power is 27.59 W e .  
The complete set of NEP trajectory results can be found in the appendix to 
this report. 
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PEP 8 AND 9 YEAR FLIGHT TIME DETAILED RESULTS 
This chart presents the detailed results of the allowable RPS mass as a 
function of jet power for both 8 and 9 year flight times. The electric 
power levels are shown next to the 8 yr data points and above the 9 yr 
data points. An example data point shows that the mission can be performed 
in 9 years with a 28.06 W e  and 2300 kg RPS. 
Some of the discontinuities shown on this chart and the following chart 
are due to large increases in the mass of the electric propulsion system. 
These mass increases are caused by the "burn time" requirement going from 
one multiple of 15000 hrs to another which causes a significant increase 
in the number of thrusters and hence system mass. 
JPL 
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U W A B L E  RPS SPECIFIC MASS (ALPHA) FOR 8 AND 9 YR FLIGHT TIMES 
This chart presents the same data as on the previous chart but in terms of 
the allowable RPS specific mass (kg/KWe) versus jet power for both 8 and 9 
year flight times. The electric power levels are shown below the 8 yr data 
points and above the 9 yr data points. The specific mass is largest for 
the 8 year flight time at the end of the calculations i.e., at 21.19 KWe 
where the alpha is 79.71 kg/KWe. For the 9 year flight time, the specific 
mass is greatest at 15.54 KWe for an alpha of 99.22 kg/kWe. 
NEP CASSINI DIRECT ALLOWABLE RPS ALPHA 
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BEP MASS REOUIm-  
This chart presents a comparison between the RPS mass 
allocations/requirements as results obtained from the trajectory 
.calculations shown on the previous charts, and the RPS mass projections. 
The RPS projections used for this chart were for a 6 m dose plane, 40 m 
from the reactor. The 10 year radiation dose range is from 7.5 krad and 
1.5 E l l  "I! to 300 krad and 6 E 1 2  N". The results show that a 7 year 
flight time mission is just captured by the 300 krad level RPS mass 
projections at 25 KWe. On the other end of the results, a 9 year flight 
time mission is captured by the 7.5 krad level RPS mass projections at 
about 12 KWe. 
The RPS mass projections were provided by Harvey Bloomfield o f  NASA LeRC 
and the full set of these projections for RPS power levels of 1, 5, 10, 
15, 20 and 25 KWe can be found in the appendix to this report. The RPS 
mass projections do NOT contain a mass estimate for the boom to connect 
the RPS to the thrust module nor the boom to connect the thrust module to 
the payload module. However, the projections were performed for a RPS 
operating for 10 years at the stated power level and producing the stated 
radiation dose. As with task #I, the RPS could be throttled down in power 
when full power is not required in order to reduce the radiation dose or, 
equivalently, the dose could be maintained and the shield mass could be 
reduced. For these NEP trajectories, the "burn time" (full power time) was 
about 5 years. Therefore the radiation doses shown on this chart could be 
reduced by about 50%. 
NEP MASS REQUIREMENTS VS PROJECTIONS 
2.2 
2.1 
2 
1.9 
1.0 
1.7 
1.6 
1 .S 
1.4 
1.3 
1.2 
1.1 
1 
0.9 
0.8 
0.7 
0.6 
DOSE PLANE AT 40 M WITH A 6 M SPOT 
1 -- I-- 
/' 
10 YR DOSE 
0 7,s KRAD 
/ 
I 
1 
0 300 
CASSINI FLIGHT TIE 
x 7 YR / a 8  
v 9  
0.2 
0.1 -r--l---T----- I I I I I I I - 
9 1 1  13 15 17 19 21 23 25 27 
POWER. KWo 
100 
SUBTASK 6 2  SUMMARY 
The RPS mass projections show that the mass of a 2 5  KWe RPS producing 75 
krad and 1 . 5  E12 NVT over 10 years in a 6 m diameter dose plane 40 m from 
the reactor is 1 5 0 0  kg. The trajectory calculations require that the mass 
of a 2 6 . 4  KWe RPS be less than 1 5 8 1  kg for the NEP direct Cassini flight 
time to be 7 years. This set of requireqents and capabilities is close 
enough to conclude that a 2 6 . 4  KWe NEP system could eliminate the trip 
time penalty imposed by the addition of the RPS. 
Longer flight times enable lower power or more massive RPSs. 
These results were for "directn trajectories, which are preferred over the 
reference delta V EJGA trajectory. 
This task did not attempt to determine specifically whether 75 krad and 
1 . 5  E12 NVT at 4 0  meters would be compatible with the NEP spacecraft 
configuration shown on the previous chart, however, no conceptual "show 
stopperstt are expected. 
During the course of this task, it became apparent that the mass of the 
Xenon tanks was a significant penalty (as much as 1000kg!). Future NEP 
studies should consider all the system, mission and technology trade offs 
between Xenon and Mercury propellant and the ways that are conceptually 
available to reduce the Xenon tank mass. Future studies should also 
account for the radiation shielding that can be provided by the Xenon 
propellant tanks. 
SUBTASK #2 SUMMARY 
0 A RPS PRODUCING 26.4 K W E  WITH A MASS OF 1580 K G  (59 .8  K G / K W )  CAN 
D E L I V E R  THE C A S S I N I  SPACECRAFT TO SATURN I N  7.0 YEARS ON A DIRECT 
TRAJECTORY U S I N G  THE ELECTRIC PROPULSION SYSTEM PROJECTIONS OF T H I S  STUDY 
@ THE RPS PROJECTIONS SHOW THAT A 26.4 K W E ,  1580 KG IS F E A S I B L E  WITH 
A 40 M BOOM FOR A DOSE LEVEL OF 75 KRAD AND 1.5 E12NVT 
ALLOWING AN 8.5 YEAR F L I G H T  TIME, THE FOLLOWING RPS SYSTEMS COULD PERFORM 
THE C A S S I N I  M I S S I O N :  
9.5 KWE, 518 KG,  55 KG/KWE 
1 4  KWE, 1140 KG,  82 KG/KWE 
26 K W E ,  2240 K G ,  87 K G / K W E  
THESE RESULTS ARE FOR E C T TRAJECTORIES WHICH ALLOW LAUNCH I N  ANY 
YEAR COMPARED TO THE BA t L T A  V EJGA WHICH CAN BE LAUNCHED ONLY 
3 YEARS OUT OF TWENTY 
c -3- 
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The objective for task 11 was to determine whether a small reactor power 
system (RPS) could be successfully integrated onto the MMII Cassini 
spacecraft/mission. TO THE EXTENT THAT THE RESOURCES OF THIS STUDY 
ALLOWED, no "show stoppers" were found to the integration of a small RPS 
onto the MMII spacecraft in the areas of spacecraft configuration and 
controllability. Further analysis, especially in the areas of 
controllability and the accommodation of the RPS radiation dose, is 
required in order to verify the compatibility of an RPS and a planetary 
spacecraft. 
While no configuration or controllability "show stoppers" were found, a 
RPS and the MMII Cassini spacecraft/mission are not strictly compatible 
due to the radiation environment and the trip time penalty imposed by the 
RPS. 
Because the MMII spacecraft radiation specification has been estimated on 
the basis of ONLY the natural environment and because the radiation dose 
imposed by the RPS cannot practically be made zero: the MMII spacecraft 
(or any other planetary spacecraft) could not accommodate a RPS unless its 
radiation specification was changed to allow some contribution from the 
RPS . 
Relative to the reference Cassini mission with a 6.8 year flight time, a 
500 kg RPS causes a trip time penalty of about 1.1 years. The RPS mass 
projections show that the mass of a 1 W e  RPS producing 75 krad and 1.5 
E12 NVT on a 20 m boom, can be in the 450 to 600 kg range. 
Therefore, if the MMII radiation specification was changed to accommodate 
about 75 krad and 1.5E12 NVT from the RPS, the projected mass of a RPS 
would be such that the trip time penalty for the Cassini mission would be 
about 1 year. While a 1 year trip time penalty plus an increase in the 
MMII radiation specification by at least a factor of ten indicates that a 
RPS is NOT compatible with the reference MMII Cassini mission and 
spacecraft, it is conceivable that such a spacecraft could be built and 
the mission could be flown. 
The objective of task 12 was to determine the lowest power Nuclear 
Electric Propulsion system that could eliminate the trip time penalty 
(imposed by the addition of the RPS) for the Cassini mission. 
The RPS projections show that the mass of a 25 W e  RPS producing 75 krad 
and 1.5 E12 NVT over 10 years in a 6 m diameter dose plane 40 m from the 
reactor is 1500 kg. The trajectory calculations require that the mass of a 
26.4 W e  RPS be less than 1581 kg for the NEP direct Cassini flight time 
to be 7 years. This set of requirements and capabilities is close enough 
to conclude that a 26.4 W e  NEP system could eliminate the trip time 
penalty imposed by the addition of the RPS. 
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JPL STUDY SUMMARY 
TASK I :  
0 A SMALL RPS M A Y  BE COMPATIBLE WITH THE M M I I  C A S S I N I  SPACECRAFT AND 
MISSION I F :  
1) AN ALLOCATION FOR RPS RADIATION IS INCLUDED I N  THE 
2 )  THE MISSION CAN TOLERATE A T R I P  T IME PENALTY OF AT 
M M I I  RADIATION SPEC. 
LEAST ONE YEAR 
0 BASED UPON CURRENT PROJECTIONS, THE MASS OF A 1 K W E  RPS PRODUCING 
75 KRAD AT 20 METERS WOULD BE CONSISTENT WITH THE ONE YEAR TRIP  
T IME PENALTY 
TASK 11: 
0 THE MINIMUM S I Z E  NEP SYSTEM THAT CAN E L I M I N A T E  THE T R I P  T IME 
PENALTY IS A 26.4 KWE NEP SYSTEM WHOSE RPS HAS A MASS OF 1580 K G  
0 CURRENT PROJECTIONS SHOW THAT A 25 KWE RPS WILL HAVE A MASS OF 
BETWEEN 1400 TO 1600 K G  (6 M DOSE PLANE, 4 0  M SEPARATION) 
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RECOMMENDATIONS 
Based upon the work performed during this study, a small RPS technology 
development program that had planetary spacecraft/missions as one 
application should include the following areas of work. For relatively 
near term applications that do NOT include electric propulsion acceptable 
technology development goals are: 1) a 1 KWe system, 2) a mass of about 
500 kg or less, 3) with a 12 year life and 4) a total integrated radiation 
dose of about 75 krad and 1.5 E12 NVT. The radiator slould be designed so 
that the rejected heat is directionally balanced to within 1 Z in order to 
minimize disturbance torques. The analysis tools and the shield technology 
should be developed for shaped shields. The reactor should be designed to 
be throttled down in power in order to reduce the radiation dose. 
Any small reactor development program should include a continuation of the 
systems work performed in this study in order to verify and extend the 
results presented here. This Reactor/Spacecraft Integration Study, Phase 
11, should be at the 2 man year level in order to significantly add to the 
quality and quantity of the results presented here. Foremost among the 
issues which this Phase I1 study would address is radiation. The 
implications of the RPS radiation environment on the design of planetary 
spacecraft and the sub-issues of electronic parts availability and cost 
are not now well understood. Other significant issues which would be part 
of the Phase I1 study include: 1) controllability, 2) implications of the 
"power to burn" approach to planetary spacecraft design, 3) the 
sensitivity of science instruments to RPS radiation and 4) the sensitivity 
of propellants to RPS radiation. 
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R EC OMMENDA T I ONS 
S H A L L  REACTOR POWER SYSTEH TECHNOLOGY DEVELOPMENT 
0 GOALS FOR A PLANETARY SPACECRAFT A P P L I C A T I O N :  
0 1 KWE, 500 K G ,  12 YEAR, < 75 KRAD,  1.5 E 1 2  NVT 
0 DEVELOP A N A L Y S I S  TOOLS AND TECHNOLOGY FOR SHAPED S H I E L D S  
0 BALANCE HEAT R E J E C T I O N  TO W I T H I N  1% 
0 D E S I G N  REACTOR TO BE THROTTLED TO REDUCE DOSE 
REACTORISPACECRAFT I N T E G R A T I O N  STUDY, PHASE I 1  
0 R E F I N E  REQUIREMENTS VS C A P A B I L I T I E S  
0 STUDY SPACECRAFTIRPS I N T E G R A T I O N  I S S U E S  I N  MORE D E T A I L  
0 I M P L I C A T I O N S  OF RPS R A D I A T I O N  ENVIRbNMENT ON SIC D E S I G N  
AND PARTS COST 8 A V A I L A B I L I T Y  
0 C O N T R O L L A B I L I T Y  
0 I f l P L l C A T I O N S  OF "POWER TO BURN" APPROACH TO S I C  D E S I G N  
0 SCIENCE INSTRUMENT S E N S I T I V I T Y  T O  RPS R A D I A T I O N  
0 PROPELLANT S E N S I T I V I T Y  TO RPS R A D I A T I O N  
APPENDIX C 
E N H A N C E D  P L A N E T A R Y  S C I E N C E  T H R O U G H  
A V A I L A B I L I T Y  OF l N C R E A S E D  POWER 
STATUS R E P O R T  
R .  A -  W A L L A C E  
JANUARY 27, 1987 
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S E L E C T E D  AREAS OF POTENT I A L  ?LANETAKY 
S C I E N C E  ENHANCEMENT W I T H  I N C R E A S E D  POWER 
0 I N C R E A S E D  DATA R A T t  
o R A D I O  O C C U L T A T I O N  (OUTER PLANET 
ATMOSPHERES AND R I N G S )  
0 R E L A T I V I T Y  I N V E S T  I GAT I O N S  
o C O O L I N G  ( INSTRUMENT SENSORS, ETC 1 
0 RADAR ( M A P P I N G  AND C O M P O S I T I O N )  
0 P A R T I C L E S  8 F I E L D S  
o LASER BOMBARDMENT ( R E M O T E / I N - S I T U  C O M P O S I T I O N )  
S C  I E NC E ENHANC EYENT W I T H  
I N C R E A S E D  POWER F O H  I N C R E A S E D  DATA RATE 
o S C I E N C E  VALUE OFTEN PROPOHTIONAL TO DATA R A T E  
0 ENHANCEMENTS IN R E S O L U T I O N / Q U A N T I T Y  
- S P A T I A L  (E.G., M A P P I N G )  
- TEMPORAL ( E . G . ,  ENCOUNTER T I M E )  
0 T R A N S M I T T E K  C O O L I N G  R E Q U I K E D  AT H I G H  POWER 
0 CURRENT EXAMPLES OF REST S C I E N C E  DATA RATES 
- MARS OBSERVER ....... 56 KBPS ( 3 4 ~  D S N )  
. VOYAGER: J U P I T E R  ... 115 K R P S  (70n n S N )  
NEPTUNE ... 22 KBPS (70n D S N )  
- M A G E L L A N  ............ 115 K B P S  ( 3 4 M  D S N )  
268 K R P S  ( 7 0 ~  D S N )  
ENHANCED DATA RATES* 
JPL WITH INCREASED POWER 
JPL R A D I O  O C C U L T A T  I O N  E N H A N C E M E N T  
W I T H  I N C K E A S E D  POWER 
o I N C R E A S E D  POWER U S E D  T O  S E N D  R F  S I G N A L  D E E P E R  i r J T O  
P L A N  E T A  RY A T M O S P H E R E  
o D E E P E R  A T M O S P H E K I C  P E N E T R A T I O N  P R O V I D E S  NEW A N D  M O R E  
C O M P L E T E  C H A R A C T E R  I Z A T  I O N  
0 L I M I T A T I O N S :  
- A M M O N I A  S A T U R A T I O N  L E V E L  D I F F I C U L T  T O  P E N E T R A T E  
- P E R F O R M A N C E  C H A R T  B A S E D  ON D I A M E T R  I C A L  O C C l l L T A T  IONS 
( T H E  I D E A L  )-E XC IIRS I O N S  D I F F I C U L T  T O  A N A L Y  Z E 
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P L A N E T A R Y  S C I E N C E  E N H A N C E M E N T  THROUGH I N C R E A S E D  POWER 
JPL R E  LA T I V I  T Y  I N VEST I GA T I ON S 
0 G R A V I T Y  WAVE D E T E C T I O N  
- GRAVITY W A V F  SIGNATIIRE D E G R A D E D  RY MFDIIIM AND 
- MULTI-LINK D O P P L E R  RADIO S Y S T E M  WITH HIGHFR TRANSMISSION 
S / C  RADIO S Y S T E M  
POWER ALLOWS RESOLUTION OF G R A V I T Y  W A V E  S I G N A T I ~ R E .  
0 T I M E  D E L A Y  M E A S U R E M E N T S  
- C A U S E D  RY RF-SIGNAL P A T H  CURVING THROIIGH GRAVITY W E L L -  
- M O R E  POWER ALLOWS R A Y  P A T H S  U E E P E R  IN T H E  S O L A R  GRAVITY 
WELL W I T H  L O N G E R / M O R E  EASILY M E A S U R E D  TIME D E L A Y S .  
0 R E D  S H  I F T  M E A S U R E M E N T S  
- C A U S E D  BY RF-SIGNAL FREQIJENCY SHIFT IN GRAVITY W E L L .  
- MULTI-LINK D O P P L E R  RADIO S Y S T E M  WITH HIGHER TRANSMISSION 
POWER ALLOWS D E E P E R  PENETRATION INTO GRAVITY W E L L  WITH 
LARGER FREQUENCY SHIFT M O R E  EAS ILY MEASIJRED ( f ). 
'R 
o O R B 1  T P E R T U R R A T  I ON M E A S U R E M E N T S  
- ORBIT PERIHELION PRECESSION I s  RELATIVITY T E S T .  
- LARGER PRECESSION WITH CLOSER ORRIT PERIHELION. 
- HIGHER TRANSMISSION POWER ALLOWS PRECISION ORBIT 
DETERMINATION C L O S E R  T O  SUN. 
I N C R E A S E D  POWER C O U L D  BE E N A B L I N G  F O R  SOME I N V E S T I G A T I O N S  
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JPL P L A N E T A K Y  S C I E N C E  ENHANCEMENT THROUGH I N C R E A S E U  POWEK 
COMMENTS I lN  OTHER A R E A S  
o C O O L I N G  
- OUTER P L A N E T  I N S T K U M E N T  SENSORS 
- R E L A T I V I T Y  I N V E S T I G A T I O N S  
- T R A N S M I T T E R S  FOR R E L A T I V I T Y ,  O C C U L T A T I O N ,  H I G H E R  DATA R A T E S  
- I N N E R  P L A N E T / S O L A R  M I S S I O N S  
0 RADAR 
- M A P P I N G  R E S O L U T I O N  
- C O M P O S I T I O N  8 AGE OF SURFACE:lllSCRIMINATl(lN 
0 P A R T I C L E S  g F I E L D S  
- SPECTRUM W I D T H  RROADENED 
- NUMBER OF F R E O U E N C I E S  I N C R E A S E D  
- ENHANCEMENT TO AROUT 1KW 
0 L A S E R  BOMBARDMENT 
- LOW SPEED/LOW A L T I T U D E  APPROACH 
- SURFACE BOMBARDMENT 
- REMOTE S P E C T K O G R A P H I C  I N V E S T I G A T I O N  
- D E B R I S  CLOUD P E N E T R A T I O N  - I N - S I T U  MEASUREMENTS 
JPL P L A N E T A R Y  S C I E N C E  ENHANCEMENT THROUGH I N C R E A S E D  POWER 
o P R E L I M I N A R Y  R E S U L T S  
0 P O T E N T I A L  FOLLOW - 0 N S  
- I N V E S T I G A T I O N  I N T O  
0 R E L A T I V I T Y  
RADAR 
L A S E R  BOMBARDMENT 
R A D I O  O C C U L T A T I O N  ( O U T E R  P L A N E T  R I N G S )  
. 
- F U R T H E R  D E T A I L  FOR D A T A  R A T E  8 O C C U L T A T I O N  
POWER S Y S T E M  I N T E G R A T I O N  R E Q ' T S  
M A S S / S I Z E / C U O L I N G  R E Q ' T S  
- N EW A P P L  1CA.r 1 ON S 
11s 
. 
TABLE I.-SUMMARY OF NUCLEAR FEASIBILITY AND CRITICALITY SAFETY RESULTS 
REACTOR CHARACTERISTICS 
~~ 
FUEL 
~ 
U-YH 
WZrH 
JC2- Be 
uc2 
uo2 
UN 
CLAD 
Mo Re 
STANLESS 
STEEL 
- 
- 
Mo Re 
Nb-1% Zr 
COOLING 
HEAT PPE 
NaK 
CONVECTION 
HEAT PPE 
RADIATION 
HEAT PPE 
Li CONVECTION 
TARGET GOAL 
EFFECTIVE NEUTRON MULTIPLICATION FACTOR 
BEST CASE /WORST CASE 
MAXIMUM 
REACTIVITY 
1.071084 
1 D91 1.03 
1.07 
1.051 1.04 
13711.04 
1.08 
1 1.05 
LAUNCH 
CONFIGURATION 
0.5710.75 
0.921 1.02 
0.781 1 .OO 
0.9310.95 
0.9310.96 
0.9 1 
L 0.90 
WATER 
IMMERSION 
0.83/0.93 
1.031 1.1 5 
0.78 
0.9910.95 
0.9710.99 
0.95 
4 0.95 
. 
PRECEDING PAGE BLANK NOT FILMED 
WATER 
FLOODING 
1.07 
1 .o 1 11.12 
0.931 1.16 
1.0311.07 
0.961 1.13 
1.02 
5 0.95 
1 1 7  
TABLE 11.-SUMMARY OF SELECTED REACTOR POWER SYSTEM MASS' RESULTS 
'0/400 
450 
110 
66 
100 
104 
188 
1018 
I SUBSYSTEM 25/500 
530 
120 
83 
118 
115 
235 
1201 
REACTOR 
HEAT TRANSPORT 
T /E  POWER CONVERSION 
POWER MGT. 6 D I S T R I B U T I O N  
STRUCTURE 
RADIATOR (CONICAL)  
178 
253 
381 
~~ I SUBTOTAL (W/O S H I E L D )  
209 
293 
433 
S H I E L D  OPTIONS (6  METER D I A .  SPOT) 
40m BOOM, 300 kRAD, 6 . 0  X 1 0 l 2  n v t  
75 1 .5  x 1 0 l 2  
7.5 1 . 5  x lo1' 
75 1 . 5  x 1012 
7.5 1 .5  x l o l l  
2Om BOOM. 300 6.0 X 1 0 l 2  363 
474 
667 
1196 
1271 
1399 
1381 
1492 
1685 
~ 
TOTAL SYSTEM (W/SHIELD OPTIONS)  
40m BOOM. 300 kRAD. 6.0 X lo1' n v t  
75 1 . 5  X 1 0 l 2  
6.0 X 10'' 
7 .5  1 . 5  x l o l l  
75 1.5 x 1 0 l 2  
7.5 1.5 x 10'l 
2Om BOOM. 300 
418 
540 
752 
1410 
1494 
1634 
1619 
1741 
1953 
aAll masses in kilograms. 
SYSTEM OUTPUl -
1 /20 - 
220 
19 
3 
15  
22 
10  - 
289 
7 
41 
53 
123 
82 
133 
250 - 
330 
34 2 
41 2 
371 
422 
539 - 
-
5/100 -
260 
52 
17 
40 
57 
47 - 
473 -
76 
128 
21 9 
187 
265 
403 
- 
549 
601 
69 2 
660 
738 
876 - 
kWe @ 
10/200 
-
7 
320 
66 
33 
62 
75 
94 - 
650 
114 
174 
276 
252 
341 
497 - 
7 64 
824 
926 
902 
991 
1147 - 
E F F Y )  
15/300 
-
-
380 
90 
50 
81 
90 
141 
- 
832 - 
146 
21 3 
329 
308 
4 08 
583 - 
978 
1045 
1161 
1140 
1240 
1415 - 
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TABLE Ill.-SUMMARY OF INCREASED SCIENCE CAPABILITY(') 
INSTRUMENT/DEVICE 
RADAR 
ALTIMETER/RANGING 
SOUNDER 
ORBITAL MAPPER 
SY NTHETK: APERTURE 
LASER 
BOMBARDMENT 
RADIO 
OCCULATON 
TRANSMISSION 
LOW TEMPERATURE 
ADDITIONAL CAPABILITY 
TRACKING FROM lo4 Km 
DEEP SUBSURFACE MAPPING 
DISTANT MAPPING 
INCREASED RESOLUTION/DETAIL 
REMOTE, DETAIL SURFACE 
SPECTROSCOPY. DEBRIS & CLOUD 
PENETRATION/DETECT. 
INCREASED RF SIGNAL DEPTH INTO 
PLANETARY ATMOSPHERE 
JUPITER 0 - 40 Km 
SATURN 10 - 60 Km 
URANUS 30 - 40 Km 
INCREASED SCIENCE DATA RATES, 
MAINTAIN CURRENT DSN SENSITIVITY, 
RELAXED POINTING, SEE 8 TESTING 
1000 KBPS - JUPITER 
1OOOKBPS-NEPTUNE 
ADD'L CRY0 COOLING FOR MORE/ 
LARGER SENSORS 8 TRANSMITTERS 
POWER (KWe) 
0.1 - 1.0 
0.5 - 5.0 
1 - 200 
0.5 - 1.0 
0.1 - 1.0 
20 
2 
80 
1 PER 
10 WATTS 
COOLING 
(1) FROM JPL 660-66, AUG 1977 
119 
SMALL REACTOR MASS MODEL 
600- 
500- 
a COMPOSITE MODEL \r 
* 400- 
vi 
0 
U z 
LL 
0 
U 
300 - e 
4 
200 - 
- 0  
100 I I 1 
100 200 300 400 500 0 
REACTOR THERMAL POWER, k W t 
FIGURE 1 
a 
NON-NUCLEAR SUBSYSTEM MASS MODEL 
RADlAToR ( C m  --- 
I I I I. T E  CONVERSION 
POWER COMITIONNG 
E A T  TRANSPORT 
m 
3.0 
2.0 
- 
- 
0 2 4  6 8 10 12 14 16 18 20 22 
SPECIFIC MASS, kg/kWe 
ffiURE 2 
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